Construction of a plant growth-promoting synthetic bacterial community from the sugarcane microbiome by Armanhi, Jaderson Silveira Leite, 1991-
  
 
 
 
 
UNIVERSIDADE ESTADUAL DE CAMPINAS 
INSTITUTO DE BIOLOGIA 
 
 
 
JADERSON SILVEIRA LEITE ARMANHI 
 
 
 
CONSTRUÇÃO DE UMA COMUNIDADE SINTÉTICA BACTERIANA 
PROMOTORA DO CRESCIMENTO VEGETAL ORIUNDA DO MICROBIOMA 
DA CANA-DE-AÇÚCAR 
 
CONSTRUCTION OF A PLANT GROWTH-PROMOTING SYNTHETIC 
BACTERIAL COMMUNITY FROM THE SUGARCANE MICROBIOME 
 
 
 
 
 
 
 
 
 
 
 
CAMPINAS 
 
2018  
  
JADERSON SILVEIRA LEITE ARMANHI 
 
 
 
 
CONSTRUÇÃO DE UMA COMUNIDADE SINTÉTICA BACTERIANA 
PROMOTORA DO CRESCIMENTO VEGETAL ORIUNDA DO MICROBIOMA 
DA CANA-DE-AÇÚCAR 
 
CONSTRUCTION OF A PLANT GROWTH-PROMOTING SYNTHETIC 
BACTERIAL COMMUNITY FROM THE SUGARCANE MICROBIOME 
 
 
 
 
Tese apresentada ao Instituto de Biologia 
da Universidade Estadual de Campinas 
como parte dos requisitos exigidos para a 
obtenção do título de Doutor em Genética 
e Biologia Molecular, na área de Genética 
Vegetal e Melhoramento. 
 
Thesis presented to the Institute of 
Biology of the University of Campinas in 
partial fulfillment of the requirements for 
the degree of Doctor in Genetics and 
Molecular Biology, on the area of Plant 
Genetics and Breeding. 
 
ESTE ARQUIVO DIGITAL CORRESPONDE À 
VERSÃO FINAL DA TESE DEFENDIDA PELO 
ALUNO JADERSON SILVEIRA LEITE ARMANHI E 
ORIENTADA PELO PROF. DR. PAULO ARRUDA. 
 
Orientador: Prof. Dr. PAULO ARRUDA 
 
 
 
CAMPINAS  
 
2018  
  
[FICHA CATALOGRÁFICA FORNECIDA PELA BIBLIOTECA] 
 
  
Agência(s) de fomento e nº(s) de processo(s): FAPESP, 2016/04322-0; CAPES
ORCID:  https://orcid.org/0000-0001-8511-9227
Ficha catalográfica
Universidade Estadual de Campinas
Biblioteca do Instituto de Biologia
Mara Janaina de Oliveira - CRB 8/6972
    
  Armanhi, Jaderson Silveira Leite, 1991-  
 Ar54c ArmConstrução de uma comunidade sintética bacteriana promotora do
crescimento vegetal oriunda do microbioma da cana-de-açúcar / Jaderson
Silveira Leite Armanhi. – Campinas, SP : [s.n.], 2018.
 
   
  ArmOrientador: Paulo Arruda.
  ArmTese (doutorado) – Universidade Estadual de Campinas, Instituto de
Biologia.
 
    
  Arm1. Microbiota. 2. Cana-de-açúcar. 3. Bactérias. 4. Plantas - Inoculação. 5.
Fenótipo. 6. Milho. 7. Comunidades microbianas. I. Arruda, Paulo, 1952-. II.
Universidade Estadual de Campinas. Instituto de Biologia. III. Título.
 
Informações para Biblioteca Digital
Título em outro idioma: Construction of a plant growth-promoting synthetic bacterial
community from the sugarcane microbiome
Palavras-chave em inglês:
Microbiota
Sugarcane
Bacteria
Plant inoculation
Phenotype
Corn
Microbial communities
Área de concentração: Genética Vegetal e Melhoramento
Titulação: Doutor em Genética e Biologia Molecular
Banca examinadora:
Paulo Arruda [Orientador]
Alessandra Alves de Souza
Tsai Siu Mui
Elíbio Leopoldo Rech Filho
Daniel Guariz Pinheiro
Data de defesa: 20-08-2018
Programa de Pós-Graduação: Genética e Biologia Molecular
Powered by TCPDF (www.tcpdf.org)
  
Campinas, 20 de agosto de 2018. 
 
 
 
COMISSÃO EXAMINADORA 
 
 
 
Prof. Dr. Paulo Arruda     
 
Profa. Dra. Alessandra Alves de Souza   
 
Profa. Dra. Tsai Siu Mui     
 
Prof. Dr. Elíbio Leopoldo Rech Filho   
 
Prof. Dr. Daniel Guariz Pinheiro    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Os membros da Comissão Examinadora acima assinaram a Ata de Defesa, que se 
encontra no processo de vida acadêmica do aluno.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aos meus pais, Mary e Pedro Jair, e minha tia, Rosy, 
com todo o amor e gratidão, por me ensinarem 
a ter dedicação em tudo, desde sempre. 
 
 
 
 
 
 
 
  
  
AGRADECIMENTOS 
Agradeço ao Prof. Paulo Arruda pela sua visão otimista e inspiradora sobre 
fazer ciência, pelo seu caráter único de compartilhar seu conhecimento e também de 
aprender com seus alunos e, sobretudo, por acreditar em minhas competências e 
confiar em meu trabalho. 
Aos meus pais, Mary e Pedro Jair, e minha tia, Rosy, por compreenderem 
minhas ausências – em tantos aniversários e celebrações – em função da rotina de 
trabalho, por muitas vezes que se doaram e renunciaram aos seus sonhos para que 
eu pudesse realizar os meus e, mais do que tudo, pelo amor incondicional e incentivo 
dedicados a mim durante toda a minha vida. 
Ao Rafael, em especial, pelo verdadeiro companheirismo em momentos em 
que mais precisei, por se orgulhar genuinamente de cada conquista minha, pela 
absoluta dedicação – e insistência – em me fazer acreditar em mim mesmo e por 
corroborar, contrariamente a quaisquer outros desenhos experimentais, a significância 
estatística de N = 1. 
Ao Linus e ao Lamarck – apesar de não terem acesso a esse documento, 
mesmo tendo me ajudado a escrevê-lo – pelos momentos diários de produção de 
oxitocina a partir de espontâneas vibrações de 25–150 hertz !. 
Ao Prof. Juan Imperial pelos feedbacks fundamentais ao desenvolvimento 
desta pesquisa e também pela serenidade transmitida – em pessoa e igualmente à 
distância. 
À professora Alessandra Alves de Souza, João Paulo Kitajima e Geraldo 
Magela Cançado pelas considerações feitas durante o processo de qualificação, as 
quais contribuíram para a finalização deste trabalho. 
À Natália Damasceno pela amizade, pelo apoio técnico-científico na 
seleção de cores, por motivar o lazer – e não só o trabalho – como também parte da 
vida e, não menos importante, pelos suprimentos alimentares eventuais. 
À Bárbara Biazotti – amiga e agora recém-colaboradora – por muito inspirar 
organização, disciplina e respeito, e por contribuir assertivamente para o meu 
desenvolvimento pessoal em função do circo nosso de cada dia. 
Ao Vagner Okura, mesmo em poucas palavras e em visitas esporádicas, 
por participar da construção do meu conhecimento no âmbito da bioinformática. 
_____________________ 
*  Os nomes foram alfabeticamente ordenados, de acordo com o sobrenome, de modo a reduzir 
eventuais desavenças decorrentes de uma ordenação supostamente guiada por afinidade. 
  
Aos meus amigos e companheiros de laboratório Vinícius Almeida*, Pedro 
Barreto*, Antônio Camargo*, Lucas Canesin*, Ricardo Dante*, Isabel Gerhardt*, 
Márcio Magrini*, Paula Malloy*, Carolina Mello*, Sandra Queiroz*, Márcio da Silva*, 
Viviane da Silva*, Juliana Yassitepe* e Nathalia Zocal* pela convivência, momentos 
de descontração e suporte durante esses anos. 
À Sandra Lima*, Gabriela Morais* e Tânia Zambon*, do corpo administrativo 
do Centro de Biologia Molecular e Engenharia Genética (CBMEG), pelo suporte              
– sempre à pronta entrega – às burocracias do dia a dia e pela torcida sincera e 
indispensável em função das intercorrências da vida. 
Aos queridos amigos – e conselheiros – Leonardo Minete* e Iuri Ventura* 
que, apesar da distância momentânea, sempre compartilham das minhas conquistas. 
Às amigas Grace Keiler*, Adriana Santinom* e Thanuci Silva* pela 
companhia sempre animada durante ambos os momentos de queima ou ganho de 
calorias vazias. 
À Universidade Estadual de Campinas (UNICAMP), ao Centro de Biologia 
Molecular e Engenharia Genética (CBMEG), e ao Laboratório de Estudo da Regulação 
da Expressão Gênica (LEREG) pelo apoio institucional e infraestrutura. 
Ao imprescindível apoio financeiro: processo nº 2016/04322-0 Fundação 
de Amparo à Pesquisa do Estado de São Paulo (FAPESP), CAPES, Repsol e Repsol 
Sinopec Brasil. 
A todos aqueles que contribuíram com o desenvolvimento deste trabalho, 
aos quais ainda não tive a oportunidade de agradecer. 
 
 
 
 
 
 
 
 
 
 
 
_____________________ 
*  Os nomes foram alfabeticamente ordenados, de acordo com o sobrenome, de modo a reduzir 
eventuais desavenças decorrentes de uma ordenação supostamente guiada por afinidade.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
labor omnia vincit improbus 
Virgílio, Geórgicas, l. 145–6 
 
 
 
 
 
 
 
 
  
  
RESUMO 
As comunidades microbianas associadas às plantas podem promover o crescimento 
e desenvolvimento vegetal por diversos mecanismos, como produção de fitormônios, 
repressão de patógenos, resistência a estresses e captação de nutrientes. Cultivar 
esses micro-organismos benéficos é um passo essencial para a compreensão desses 
mecanismos. No entanto, metodologias tradicionais de cultivo e isolamento microbiano 
são comumente baseadas no screening de micro-organismos com atividades de 
promoção de crescimento já conhecidas ou de grupos filogenéticos específicos. Por 
esse motivo, embora essas abordagens tenham contribuído para o entendimento de 
atividades microbianas já amplamente estudadas, tendem a limitar a descoberta de 
novas funções essenciais na interação micro-organismo–planta. Além disso, como 
esses métodos se baseiam exclusivamente em culturas axênicas, são laboriosos, 
custosos e podem resultar em perdas de informações biológicas relevantes devido a 
dependências mútuas estritas entre micro-organismos. Em cana-de-açúcar, nas 
últimas décadas, grandes esforços têm sido realizados no estudo de comunidades 
bacterianas diazotróficas. Mais recentemente, nosso grupo de pesquisa mostrou a 
existência de inúmeros outros grupos microbianos altamente abundantes em 
associação com a cana-de-açúcar e nunca investigados quanto às suas funções em 
plantas. Aqui descrevemos novas abordagens para o screening, seleção e validação 
de micro-organismos benéficos às plantas com base em um contexto ecológico, como 
abundância relativa e dinâmica de colonização, independente de classificação 
taxonômica ou funções pré-selecionadas. Em um primeiro momento, desenvolvemos 
uma estratégia denominada “coleção de cultura baseada em comunidade” (CBC) a 
partir da seleção de colônias contendo um ou múltiplos micro-organismos. O racional 
consiste em contornar os impasses das técnicas tradicionais, reduzir o trabalho de 
isolamento de culturas puras e permitir que comunidades naturais sejam armazenadas. 
Desenvolvemos um método multiplex de sequenciamento de amplificados do gene do 
RNA ribossômico 16S para identificação em larga escala da composição de bactérias 
de cada comunidade armazenada. Então, descrevemos um pipeline de bioinformática 
para referenciar as bactérias armazenadas à diversidade bacteriana associada à 
cana-de-açúcar, com o propósito de construir uma comunidade sintética composta 
exclusivamente por bactérias altamente abundantes na planta. Por fim, a comunidade 
sintética bacteriana foi validada quanto à sua habilidade de promoção do crescimento 
vegetal através de ensaios de inoculação em uma planta modelo. Aplicamos esses 
procedimentos para explorar bactérias benéficas em associação com a cana-de-açúcar, 
já que a maioria delas ainda é pouco estudada. Criamos uma CBC a partir do isolamento 
de 5.137 colônias microbianas oriundas da raiz e colmos de cana-de-açúcar. Após o 
sequenciamento e cruzamento dos dados, verificamos que recuperamos grupos de 
bactérias que representam 15,9% e 61,6–65,3% do microbioma da rizosfera e da 
porção endofítica dos colmos, respectivamente. Desenhamos uma comunidade 
sintética, composta por grupos de bactérias abundantes na cana-de-açúcar, inoculada 
em plantas de milho. Ensaios de inoculação mostraram que membros da comunidade 
sintética bacteriana colonizaram eficientemente os órgãos da planta, deslocaram sua 
microbiota natural e dominaram 53,9% da abundância bacteriana da rizosfera. Além 
disso, plantas inoculadas aumentaram 3,4 vezes em biomassa. Em conjunto, os 
resultados apresentados neste trabalho compreendem métodos inovadores aplicáveis 
ao isolamento e identificação de micro-organismos em larga escala, além do conceito 
do desenho de comunidades microbianas sintéticas baseadas no perfil do microbioma 
vegetal para o acesso a micro-organismos benéficos às plantas. 
Palavras-chave: microbioma, cana-de-açúcar, comunidade sintética, inoculação, 
fenotipagem  
  
ABSTRACT 
Plant-associated microbial communities can promote plant growth and development 
by several mechanisms, such as the production of phytohormones, repression of 
pathogens, stresses resistance and nutrient uptake. Culturing these beneficial microbes 
is an essential step towards understanding these mechanisms. However, traditional 
methods of microbial cultivation and isolation are commonly based on screening for 
known plant growth-promoting microbial activities or specific phylogenetic groups. 
Therefore, although these approaches provide a better understanding of well-studied 
microbial traits, they tend to limit the discovery of novel essential functions in 
plant-microbe interaction. Besides, as these methods are exclusively based on axenic 
cultures, they are time-consuming, expensive and may result in losses of relevant 
biological information due to strict mutual dependences between microbes. In 
sugarcane, in the past decades, considerable efforts have been made to study 
diazotrophic bacterial communities. More recently, our research group has shown that 
there are several other highly abundant microbial groups inhabiting sugarcane that have 
never been investigated regarding its functional role in plants. Here we described 
innovative approaches to screen, target and validate plant-beneficial microorganisms 
based on the ecological context, such as relative abundance and colonization 
dynamics, regardless of their taxonomic affiliation or preselected functions. First, we 
developed a strategy called “community-based culture collection” (CBC) based on 
isolating microbes by selecting colonies that may contain single or multiple 
microorganisms. The rationale is to bypass all given impasses by traditional techniques, 
reduce the laborious work of pure cultures isolation and allow naturally occurring 
communities to be stored. We developed a multiplexing 16S rRNA gene amplicon 
sequencing method that allowed identifying the bacterial composition of each isolated 
community in a high-throughput manner. Then, we described a bioinformatics pipeline 
to cross-reference the stored bacteria and all bacterial diversity associated with 
sugarcane, with the purpose of constructing a synthetic community composed 
exclusively of highly abundant bacteria in the sugarcane plant. The synthetic bacterial 
community was validated for its plant growth-promoting ability in inoculation 
experiments in a plant model. We have applied these procedures to explore beneficial 
bacteria in association to sugarcane as most of them are still understudied. The 
sugarcane CBC was created by storing 5,137 microbial colonies from root and stalks. 
After sequencing and cross-referencing, we found that we successfully recovered 
bacterial groups accounting for 15.9% and 61.6–65.3% of the rhizosphere and the 
endophytic microbiomes of stalks, respectively. The synthetic community was composed 
of several highly abundant bacteria in sugarcane and inoculated in maize plants. 
Members of the synthetic bacterial community efficiently colonized plant organs, 
displaced the natural microbiota and dominated 53.9% of the rhizosphere bacterial 
abundance. Also, inoculated plants dramatically increased biomass by 3.4-fold. Taken 
together, the results presented in this work comprise innovative methods applicable to 
large-scale microbial isolation and identification, and the concept of designing synthetic 
microbial communities based on plant microbiome profile for screening plant-beneficial 
microorganisms. 
Keywords: microbiome, sugarcane, synthetic community, inoculation, phenotyping  
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1. INTRODUÇÃO 
1.1. PLANTAS MANTÊM ASSOCIAÇÕES BENÉFICAS COM DIVERSOS 
GRUPOS DE MICRO-ORGANISMOS 
As plantas são colonizadas por inúmeros grupos de bactérias e fungos 
capazes de influenciar o crescimento e desenvolvimento vegetal (Hardoim et al., 2008; 
Lugtenberg & Kamilova, 2009; Mendes et al., 2011; Berendsen et al., 2012). O estudo 
dessa comunidade – denominada microbioma – tem trazido à tona uma nova biologia 
com informações sobre múltiplas interações metabólicas e funcionais de 
micro-organismos com os diversos órgãos vegetais (Lundberg et al., 2012; Bulgarelli 
et al., 2013; Edwards et al., 2015; Panke-Buisse et al., 2015; Zarraonaindia et al., 
2015; Coleman-Derr et al., 2016; Castrillo et al., 2017). Nesse sentido, tem sido 
mostrado que tais comunidades podem beneficiar direta e indiretamente o 
crescimento das plantas, sendo capazes de promover a tolerância de seu hospedeiro 
frente a diversos tipos de estresses ambientais. Entretanto, estudos recentes apontam 
que os benefícios trazidos pelo microbioma associado às plantas não podem ser 
totalmente explicados considerando-se apenas os grupos e funções microbianas 
tradicionalmente investigados, indicando que grande parte da diversidade filogenética 
e funcional desses micro-organismos permanece ainda desconhecida (Lebeis et al., 
2012; Turner et al., 2013; Bai et al., 2015). Dessa forma, desenvolver novas estratégias 
que permitam a investigação de grupos microbianos pouco explorados torna-se 
essencial para compreender o papel funcional de micro-organismos em associação 
com as plantas e, assim, desvendar novos grupos e mecanismos moleculares 
microbianos que estejam envolvidos na promoção do crescimento vegetal. 
Os ambientes terrestres compreendem uma diversidade microbiana 
consideravelmente pouco explorada diante de sua magnitude (Hugenholtz et al., 1998; 
Rappé & Giovannoni, 2003). Alguns trabalhos calculam, por exemplo, que um único 
grama de solo pode abrigar mais de 104 espécies bacterianas e somar por até 1010 
células (Skinner et al., 1952; Torsvik et al., 1990, 2002; Schoenborn et al., 2004; Davis 
et al., 2005; Roesch et al., 2007; Raynaud & Nunan, 2014). Diante de tamanha 
diversidade, até recentemente, o conhecimento de que os micro-organismos 
desempenham funções essenciais em associação com organismos mais complexos 
era, de certa forma, limitado. 
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A associação com micro-organismos – quando de caráter benéfico – é 
relatada como tendo sido evolutivamente essencial para o surgimento dos organismos 
vegetais (Heckman, 2001) e determinante para a manutenção da saúde e 
produtividade da planta no ambiente em que vivem (Berendsen et al., 2012), levando 
ao reconhecimento dos assim chamados micro-organismos “promotores do 
crescimento vegetal” (PGP, do inglês, plant growth-promoting). Em se tratando 
especificamente de bactérias, aquelas classificadas como PGP podem atuar de 
diversas maneiras, seja (1) facilitando a aquisição de nutrientes pela planta, como pela 
fixação de nitrogênio atmosférico, solubilização de fósforo inorgânico e disponibilização 
de ferro; (2) modulando os níveis de fitormônios na planta, como auxina, citocinina, 
giberelina e etileno; ou (3) promovendo a defesa da planta contra eventuais patógenos 
por meio da produção de antibióticos, indução de resistência sistêmica, ou mesmo por 
competição interespecífica (James & Olivares, 1997; Bastián et al., 1998; Rodríguez 
& Fraga, 1999; Richardson, 2001; Patten & Glick, 2002; Raaijmakers et al., 2002; 
Verhagen et al., 2004; Bakker et al., 2007; Lugtenberg & Kamilova, 2009; Hider & 
Kong, 2010; Innerebner et al., 2011; Glick, 2012; Vacheron et al., 2013). 
Exemplos clássicos de associações benéficas extensivamente estudadas 
compreendem os organismos dos grupos dos rizóbios e dos fungos micorrízicos. No 
primeiro caso, bactérias capazes de metabolizar o nitrogênio atmosférico promovem 
a nodulação nas raízes da planta hospedeira, aumentando o aporte de compostos 
nitrogenados para ela enquanto usufruem de compostos carbônicos provenientes da 
fotossíntese (Downie, 2014; Laranjo et al., 2014). Já no segundo exemplo, a 
associação biológica consiste em uma troca na qual o fungo aumenta a superfície de 
contato das raízes da planta com o solo, levando a uma melhor disponibilidade de 
nutrientes e água para ela, enquanto necessita do hospedeiro para seu crescimento 
e reprodução (Bonfante & Genre, 2008, 2010; Smith & Read, 2010). 
Para além dos exemplos clássicos, com o advento das tecnologias de 
sequenciamento de nova geração (NGS, do inglês, next-generation sequencing) 
tornou-se possível, nas últimas décadas, acessar mais a fundo a grande diversidade 
e a abundância de comunidades microbianas associadas a inúmeras plantas 
(Bulgarelli et al., 2012, 2015; Lundberg et al., 2012; Mendes et al., 2014; Edwards et 
al., 2015; Zarraonaindia et al., 2015; Coleman-Derr et al., 2016; Peiffer et al., 2016). 
Através do sequenciamento direto do DNA microbiano ou de genes com resolução 
filogenética descobriu-se que parte significativa desses grupos ainda é pouco 
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estudada e que nosso conhecimento acerca do papel dos micro-organismos 
associados às plantas permanece restrito a poucos grupos e funções microbianas que 
já foram amplamente investigadas nos últimos anos. 
1.2. METODOLOGIAS CLÁSSICAS DE ISOLAMENTO MICROBIANO COMO 
GARGALO NO ACESSO À DIVERSIDADE ASSOCIADA ÀS PLANTAS 
Para que a exploração do potencial biológico microbiano seja possível, é 
necessário o uso de metodologias tradicionais que permitam a obtenção, replicação e 
manutenção dos micro-organismos. Tais metodologias devem, portanto, (1) possibilitar 
a manipulação das células em condições de laboratório para fins experimentais, de 
maneira simples e eficiente, e (2) garantir a viabilidade da coleção de cultura, ao longo 
do tempo, através da utilização de métodos de preservação biológica adequados. 
Além do mais, a obtenção de coleções de cultura de micro-organismos 
representativos do microbioma associado às plantas é um processo fundamental e 
que pode auxiliar na construção de inóculos capazes de promover o crescimento e 
desenvolvimento vegetal. 
Tradicionalmente, o isolamento microbiano é realizado por meio de uma 
abordagem clássica, denominada dependente de cultivo, em que os micro-organismos 
são obtidos a partir de amostras de interesse e cultivados em meios de cultura 
sintéticos até o isolamento de culturas axênicas, i.e. puras. Em função das 
características de cada grupo de micro-organismos, diversos meios de cultura são 
utilizados, tendo por objetivo privilegiar o crescimento de micro-organismos de grupos 
taxonômicos específicos ou que possuem funções já conhecidas como, por exemplo, 
fixação de nitrogênio, produção de auxinas ou solubilização de fósforo. Entretanto, 
uma vez que esses diferentes grupos de micro-organismos requerem condições 
nutricionais específicas, o impasse inerente a essa estratégia reside justamente na 
necessidade de se utilizar diversos meios de cultura que, seletivos, impossibilitam o 
crescimento dos demais grupos (Schloss & Handelsman, 2005; Alain & Querellou, 
2009; Lebeis et al., 2012; Stewart, 2012; Turner et al., 2013). Além disso, apesar de 
essas metodologias permitirem o acesso à diversidade microbiana, o uso de meios de 
cultivo que selecionam funções já conhecidas consequentemente limita o 
descobrimento de novos mecanismos que possam estar envolvidos na associação 
micro-organismo–planta. 
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Além disso, é importante ressaltar que o isolamento microbiano – por si só – 
ocorre às cegas, não sendo possível determinar que parcela os micro-organismos 
armazenados representam de toda a diversidade existente, ou mesmo inferir sobre 
sua contribuição funcional frente a essa imensa diversidade. Diversos trabalhos 
estimam que a capacidade de se cultivar micro-organismos utilizando tais 
metodologias limite-se ao acesso de apenas 0,001–1% da diversidade microbiana 
existente (Amann et al., 1995; Zengler et al., 2002; Schoenborn et al., 2004; Green & 
Keller, 2006; Alain & Querellou, 2009; Lundberg et al., 2012). Tais circunstâncias 
tornam o acesso à diversidade microbiana um processo ainda mais desafiador. 
É conhecido que em comunidades microbianas possam existir relações 
intrínsecas entre diferentes grupos de micro-organismos como por dependência 
nutricional e por fatores de crescimento (Schink, 2002; Barea et al., 2005). Nesse 
contexto, a obtenção de culturas puras pode acabar por reduzir drasticamente a 
diversidade em uma coleção de cultura e levar à perda de informações biológicas 
relevantes acerca das relações funcionais e ecológicas existentes entre os diferentes 
grupos. Em casos em que há relação estrita de dependência, o isolamento de algumas 
comunidades em culturas puras pode, inclusive, ser impossível. Ainda, alguns estudos 
demonstram que diferentes grupos de micro-organismos coinoculados podem 
favorecer o crescimento vegetal, por exemplo, aumentando a absorção de nutrientes. 
Em algumas dessas situações, a coinoculação pode promover um melhor fitness da 
planta se comparado à inoculação de um micro-organismo individualmente 
(Madhaiyan et al., 2010; Yu et al., 2012). Ensaios realizados nesse âmbito fornecem 
indícios de que a coexistência de grupos de micro-organismos pode ser essencial ao 
crescimento e desenvolvimento vegetal, podendo haver uma relação estrita de 
dependência entre essas populações microbianas (Marx, 2009; D’Onofrio et al., 
2010). 
Em linhas gerais, devido às limitações apresentadas pelo uso restrito das 
técnicas dependentes de cultivo, diversos grupos microbianos e funções biológicas 
deixam inevitavelmente de ser exploradas. Como consequência, questões importantes 
quanto à ecologia microbiana tornam-se impossíveis de serem respondidas. Não se 
sabe, por exemplo, quanto à existência de outros grupos microbianos mais 
abundantes em associação com a planta ou que sejam funcionalmente mais ativos 
em determinados órgãos vegetais. Nesse sentido, as informações ecológicas passam 
a ser de extrema importância nesse processo, já que contribuem para a compreensão 
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da relevância apresentada pelo micro-organismo isolado, a partir de um ponto de vista 
funcional em associação com a planta. Desenvolver novas abordagens que orientem 
a investigação dos micro-organismos armazenados com base em informações de 
natureza ecológica, como sua abundância em condições naturais, torna-se um desafio 
vital para o avanço dos estudos em microbioma de plantas. 
1.3. O MICROBIOMA DA CANA-DE-AÇÚCAR COMPREENDE UMA GRANDE 
DIVERSIDADE AINDA MUITO POUCO EXPLORADA 
Até recentemente, todo o conhecimento acerca dos micro-organismos 
associados à cana-de-açúcar limitava-se a informações provenientes de metodologias 
dependentes do cultivo microbiano. A interação micro-organismo–planta em 
cana-de-açúcar foi relatada em estudos pioneiros realizados por grupo de pesquisa 
brasileiro em função da descoberta, décadas atrás, de bactérias fixadoras de 
nitrogênio em associação a essa planta (Dobereiner, 1961). Desde então, são 
inúmeras as evidências de associação benéfica com micro-organismos promotores de 
crescimento, sobretudo bactérias endofíticas diazotróficas e produtoras de hormônios 
vegetais em cana-de-açúcar (Rennie et al., 1982; Cavalcante & Döbereiner, 1988; 
Fuentes-Ramirez et al., 1993; Olivares et al., 1996; Bastián et al., 1998; Mirza et al., 
2001; Caballero-Mellado et al., 2004; Reis et al., 2004; Perin et al., 2006; de Santi 
Ferrara et al., 2012; Beneduzi et al., 2013). No entanto, o acesso e a identificação de 
micro-organismos associados à cana-de-açúcar, por se basearem no uso de técnicas 
tradicionais de isolamento microbiano, têm sido limitados a esses grupos que, embora 
funcionalmente relevantes, certamente compreendem uma pequena parcela dentre 
os micro-organismos benéficos em associação com a planta. Até então, os trabalhos 
publicados nesta área careciam de informações quanto à representatividade desses 
grupos isolados, já que não se tinha acesso à diversidade, abundância e dinâmica das 
comunidades microbianas nos diferentes órgãos da planta. 
Em função dessa lacuna, nosso grupo de pesquisa recentemente 
descreveu um inventário completo das comunidades de bactérias e fungos que 
habitam os diferentes órgãos da cana-de-açúcar, através de técnica independente de 
cultivo microbiano (de Souza et al., 2016). Para a amostragem desse microbioma, 
foram utilizadas plantas de cana-de-açúcar (Saccharum sp.) pertencentes à variedade 
SP 80-3280 cultivadas sem adição de qualquer fertilizante. As regiões da raiz, 
diferentes porções do colmo e folhas, interna e externamente, bem como o perfilho 
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(colmo jovem) e o solo virgem foram coletados para o isolamento das microbiotas, 
realizado no 4°, 6°, 8° e 10° mês de amostragem. O trabalho, do qual sou coautor, 
permitiu com que fosse identificada uma diversidade taxonômica significativa, 
compreendida por mais de 23 mil bactérias e 11 mil fungos, inferidos a partir da 
obtenção de OTUs (do inglês, operational taxonomy units). Uma OTU compreende 
um grupo de sequências com um determinado grau de similaridade. De forma geral, 
micro-organismos pertencentes a uma mesma espécie têm no mínimo 97% de 
similaridade entre os nucleotídeos do gene do RNA ribossômico 16S (Bulgarelli et al., 
2012; Lundberg et al., 2012). Esse valor é tradicionalmente usado para agrupar 
sequências que potencialmente são de micro-organismos pertencentes a uma 
mesma espécie, aproximando a definição de OTU ao conceito taxonômico de 
espécie. 
A análise do microbioma da cana-de-açúcar revelou que apenas parte dos 
micro-organismos associados à raiz ou presentes no solo são compartilhados com os 
demais órgãos da planta. Assim, o solo se destaca por possuir um grande número de 
grupos únicos de bactérias e fungos, sendo considerado a principal fonte dos 
micro-organismos colonizadores dos diferentes órgãos da cana-de-açúcar, através de 
um processo de enriquecimento (Figura 1A). Apesar de a maior parte dos órgãos 
amostrados apresentar comunidades em comum – i.e. compartilhadas entre eles –, tais 
grupos colonizam os órgãos em diferentes proporções, de forma que a comunidade 
predominante varia de órgão para órgão. Nesse contexto, ao avaliar a abundância e a 
prevalência das comunidades microbianas nos diferentes órgãos, foi observado que 
alguns grupos seletos de micro-organismos permanecem em alta abundância ao longo 
dos estágios de desenvolvimento das plantas, para cada um dos órgaos amostrados. 
Esse “microbioma core”, como foi chamado, compreende, em geral, menos de ~20% 
da riqueza de micro-organismos, os quais somam em abundância relativa por mais de 
~90% do total de micro-organismos encontrados em determinado órgão (Figura 1B) 
(de Souza et al., 2016). Tal observação fortalece a existência de um enriquecimento 
por parte da planta que, ao selecionar determinados grupos microbianos – i.e. permitir 
a sua prevalência e permanência em seus diferentes órgãos –, muito provavelmente 
o faz com base nas funções desempenhadas por eles enquanto em associação com 
a cana-de-açúcar ou processos biológicos envolvidos. Esse racional se baseia na 
ideia de que a eficiência de colonização compreende um reflexo de caracteristicas 
adptativas microbianas que levam ao sucesso na associação com a cana-de-açúcar. 
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Figura 1. O solo como principal fonte de bactérias do microbioma core, um pequeno grupo de 
micro-organismos de alta prevalência e abundância nos diferentes órgãos da cana-de-açúcar. 
(A) Número de OTUs de bactérias compartilhadas entre os compartimentos da cana-de-açúcar. (B) O 
microbioma core, grupo de bactérias predominante ao longo dos estágios de desenvolvimento da 
planta, compreende uma parcela pequena da riqueza de micro-organismos, os quais representam 
quase que a totalidade de micro-organismos encontrados em determinado órgão. Figura retirada e 
modificada de publicação própria (de Souza et al., 2016). End.: Endofítico. Inf.: Inferior. Méd.: Médio. 
Sup.: Superior. Abund. rel.: Abundância relativa. Fr.: Fração. 
Além disso, esse mesmo trabalho estimou que mais de 75% dos grupos de 
bactérias encontrados como pertencentes ao microbioma core da cana-de-açúcar 
nunca foram sequer investigados (de Souza et al., 2016). Diante dessas informações, 
surge inevitavelmente a percepção de que investigar mais a fundo esses grupos até 
então pouco estudados e explorar o microbioma da cana-de-açúcar como um todo 
pode contribuir para esclarecer possíveis lacunas no conhecimento acerca das 
relações micro-organismo–planta. O grande desafio consiste em como explorar 
tamanha diversidade, isolando-se membros que sejam representativos do microbioma 
da cana-de-açúcar, sem qualquer propensão à seleção de grupos ou funções 
microbianas já extensivamente estudadas, como no uso de abordagens baseadas 
unicamente em métodos tradicionais de cultivo. Assim, o desenvolvimento de novas 
abordagens que permitam essa investigação, aplicadas ao isolamento de 
micro-organismos associados à cana-de-açúcar, pode ser um passo fundamental para 
a compreensão do papel funcional do microbioma associado a essa planta.  
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2. OBJETIVOS 
2.1. OBJETIVOS GERAIS 
1. Desenvolver um método para a criação e identificação, em larga 
escala, de uma coleção de cultura de micro-organismos representativa 
do microbioma da cana-de-açúcar. 
2. Desenvolver uma abordagem para a identificação de bactérias 
benéficas com base em informações da ecologia e dinâmica de 
comunidades microbianas que compõem o microbioma da 
cana-de-açúcar. 
3. Validar a contribuição no crescimento e desenvolvimento vegetal e         
a capacidade de colonização de comunidades bacterianas de 
interesse. 
2.2. OBJETIVOS ESPECÍFICOS 
1. Determinar uma nova estratégia de isolamento e armazenamento, em 
larga escala, de micro-organismos ou comunidades microbianas 
associados à cana-de-açúcar. 
2. Desenvolver e validar uma metodologia de baixo custo e adequada à 
identificação de micro-organismos ou comunidades microbianas 
presentes na coleção de cultura da cana-de-açúcar. 
3. Implementar um pipeline de bioinformática, para o processamento dos 
dados obtidos a partir do sequenciamento, que (1) assegure a qualidade 
das sequências e (2) permita a determinação taxonômica dos indivíduos. 
4. Otimizar um pipeline de bioinformática que permita o cross-referencing, 
i.e. o cruzamento das sequências do gene do RNA ribossômico 16S 
obtidas a partir das técnicas independentes de cultivo (i.e. análise do 
microbioma) e técnicas dependentes de cultivo (i.e. identificação dos 
micro-organismos da coleção de cultura). 
5. Desenvolver uma plataforma de ensaios de inoculação a serem 
realizados in planta para a avaliação do potencial de promoção de 
crescimento e desenvolvimento vegetal conferida por comunidades de 
micro-organismos. 
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6. Construir uma comunidade sintética bacteriana com base em 
informações obtidas a partir do cross-referencing e avaliar seu 
potencial na promoção do crescimento vegetal em planta modelo       
(i.e. milho, Zea mays L.). 
7. Estabelecer uma plataforma de fenotipagem para o monitoramento 
remoto, não invasivo e em tempo real, utilizando sensores de baixo 
custo, que permita a obtenção de parâmetros fisiológicos capazes de 
validar a aplicação de estresse hídrico em planta modelo em condições 
experimentais de inoculação.  
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3. RACIONAL 
A partir de perspectivas e abordagens inovadoras, no presente trabalho 
procuramos avançar o conhecimento a respeito de grupos de micro-organismos 
associados à cana-de-açúcar e que até então foram pouco – ou nunca – estudados, 
buscando compreender seus possíveis efeitos benéficos em plantas. 
Em um primeiro momento, com o objetivo de explorar o potencial biológico 
do microbioma associado à cana-de-açúcar, nos dedicamos à construção de uma 
coleção de cultura de micro-organismos representativos desse microbioma. De modo 
a contornar as limitações apresentadas pelas metodologias tradicionalmente usadas, 
desenvolvemos uma estratégia de cultivo e armazenamento em larga escala de 
comunidades microbianas, a qual denominamos de community-based culture collection 
(CBC, i.e. coleção de cultura baseada em comunidade). Nessa estratégia, os 
micro-organismos foram obtidos a partir de um plaqueamento primário em que as 
colônias em meio de cultura sólido foram diretamente armazenadas em configuração 
de placas de 96 poços, eliminando-se as etapas de purificação da cultura e permitindo 
a presença de comunidades microbianas. Ao invés de usarmos meios de cultura 
seletivos, optamos por utilizar meios ricos suplementados com aditivos que mimetizam 
o ambiente natural em que vivem esses micro-organismos. Foi necessário determinar 
uma nova estratégia que permitisse a identificação das bactérias nas comunidades 
microbianas armazenadas. Para isso, desenvolvemos uma metodologia baseada na 
amplificação do gene do RNA ribossômico 16S, na inserção de sequências 
conhecidas de nucleotídeos (barcodes) e na multiplexagem de amostras. As 
estratégias criadas consistem em alternativas de baixo custo para o armazenamento 
e identificação em larga escala de micro-organismos isolados ou em comunidades, 
dispostos em configuração de placas de 96 poços. Além disso, outro grande 
diferencial de nossas abordagens é que contemplam a correlação de cada um dos 
micro-organismos armazenados com as informações a respeito dos padrões de 
colonização e abundância em condições naturais, explorando a representatividade 
dos membros da coleção de cultura. Tal estratégia, conjunta, se baseia no cruzamento 
de informações entre os organismos obtidos por meio de técnicas dependentes de 
cultivo (i.e. o isolamento microbiano) e aqueles identificados por meio de técnicas 
independentes de cultivo (a exemplo do sequenciamento massivo de marcadores 
genéticos conhecidos, como o gene do RNA ribossômico 16S para a identificação de 
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procariotos). A esse processo, aqui denominado de cross-referencing (referenciamento 
cruzado), atribui-se também a possibilidade de se explorar aspectos fundamentais 
como quantificar o sucesso do método de isolamento e determinar a abundância real 
dos grupos de micro-organismos em seu ambiente natural. Essa parte do trabalho, do 
qual sou primeiro autor, foi publicado na revista Scientific Reports (Armanhi et al., 
2016), doi:10.1038/srep29543, e está apresentado integralmente no Capítulo I. 
Num segundo momento, aplicamos a estratégia de sequenciamento 
desenvolvida para a identificação de todas as bactérias armazenadas na coleção de 
cultura de micro-organismos, descrevendo sua representatividade frente ao 
microbioma da cana-de-açúcar por meio do cross-referencing realizado. A partir disso, 
selecionamos em nossa coleção membros representantes do microbioma core da 
cana-de-açúcar para validar seu efeito benéfico no crescimento e desenvolvimento 
vegetal e na eficiência de colonização em plantas. Construímos uma comunidade 
sintética composta por diferentes grupos de bactérias pertencentes ao microbioma 
core, sendo guiados pela alta abundância que eles apresentam na planta. Em ensaios 
de inoculação realizados, validamos o efeito benéfico dessa comunidade sintética em 
promover um aumento significativo na biomassa das plantas analisadas. Tal 
estratégia, também de caráter inédito, confronta a seleção de micro-organismos 
normalmente baseada em características taxonômicas ou funcionais, a qual acaba 
por limitar a descoberta de grupos de micro-organismos benéficos ou mecanismos 
moleculares de promoção do crescimento vegetal que sejam ainda desconhecidos. O 
trabalho desenvolvido, do qual sou primeiro autor, foi publicado na revista Frontiers in 
Plant Science (Armanhi et al., 2018), doi:10.3389/fpls.2017.02191, e está transcrito no 
Capítulo II. 
Por fim, nos baseando em evidências que apontam a atividade de 
promoção de resistência à seca por parte da comunidade sintética desenhada, 
objetivamos preencher uma lacuna ainda existente no âmbito da compreensão de 
fenômenos fisiológicos vegetais. Em condições experimentais, a leitura dos atributos 
fisiológicos da planta é realizada, rotineiramente, de maneira pontual, por meio de 
instrumentos comuns, a exemplo do IRGA (do inglês, infrared gas analyzer). No 
entanto, em meio às flutuações naturais das condições ambientais ao longo do dia, as 
quais resultam em alterações significativas na fisiologia da planta, leituras pontuais do 
status fisiológico vegetal podem levar à perda de informações relevantes. Devido à 
falta de ferramentas que idealmente possibilitem esse acesso contínuo a parâmetros 
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fisiológicos em condições experimentais, nos dedicamos à construção de uma 
plataforma de fenotipagem em pequena escala, adequada às condições de 
laboratório, para a leitura desses atributos. Utilizando componentes eletrônicos 
básicos e de baixo custo, a plataforma de fenotipagem desenvolvida representa uma 
alternativa robusta ao permitir a leitura contínua das plantas, podendo auxiliar na 
compreensão de diversos mecanismos fisiológicos investigados. Embora se encontre 
em fase final de construção, o conceito e alguns dos resultados preliminaries com 
relação ao desenvolvimento da plataforma estão ilustrados no Capítulo III.  
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4. RESULTADOS 
4.1. CAPÍTULO I: PUBLICAÇÃO “MULTIPLEX AMPLICON SEQUENCING 
FOR MICROBE IDENTIFICATION IN COMMUNITY-BASED CULTURE 
COLLECTIONS” 
Com o objetivo de construir uma coleção de cultura de micro-organismos 
representativa do microbioma da cana-de-açúcar desenvolvemos uma nova abordagem 
para o armazenamento de micro-organismos ou comunidades microbianas, chamada 
de community-based culture collection (CBC, i.e. coleção de cultura baseada em 
comunidade). 
As metodologias tradicionalmente usadas para o isolamento de 
micro-organismos direcionam o esforço técnico em procedimentos que garantam a 
obtenção de culturas axênicas – i.e. culturas puras, contendo um único tipo de 
micro-organismo. Nessa abordagem são utilizadas sucessivas etapas de estriamento 
da cultura inicial por uma técnica de esgotamento, até que se garanta a existência de 
um micro-organismo puro. No entanto, o isolamento microbiano através dessa técnica 
acaba por limitar a quantidade e os tipos de organismos a serem armazenados em 
função de ser um procedimento extremamente laborioso e dispendioso. Soma-se a 
isso a existência de múltiplas inter-relações microbianas, tornando quase que uma 
imposição a coexistência de alguns grupos em seu ambiente natural. Tal gargalo com 
relação à manipulação de micro-organismos tem sido colocado em pauta nos últimos 
anos em razão de trabalhos recentes que demonstram a existência de uma imensa 
diversidade microbiana habitando os organismos vegetais. Nesse contexto, visando 
contornar as limitações implícitas nessa abordagem, propomos ser mais vantajoso 
direcionar os esforços técnicos em um procedimento que possibilite a amostragem de 
um número maior de micro-organismos. Por esse motivo, optamos por acessar os 
micro-organismos a partir de um plaqueamento primário, em que as colônias 
crescidas em meio sólido foram diretamente armazenadas, independentemente se 
compreendidas por culturas puras ou não. Assim, o isolamento microbiano pode ser 
empregado apenas em situações em que há necessidade do acesso a algum 
micro-organismo de interesse. Essa abordagem, por permitir a obtenção, em larga 
escala, de micro-organismos ou comunidades microbianas, foi denominada 
community-based culture collection. 
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Para a construção da CBC da cana-de-açúcar fizemos a amostragem das 
regiões das raízes e colmos das mesmas plantas utilizadas pelo nosso grupo na 
descrição de seu microbioma associado (abordado na seção 1.3. da Introdução deste 
trabalho). Utilizamos meios de cultura ricos, suplementados com xarope de 
cana-de-açúcar de modo a mimetizar o ambiente natural desses micro-organismos. 
Ensaios preliminares foram realizados para determinar a concentração ideal das 
amostras de modo que o crescimento das colônias em meios de cultura sólidos não 
fosse confluente. Com o objetivo de facilitar as etapas posteriores de recrescimento e 
identificação dos micro-organismos, as colônias crescidas foram repicadas em meio 
de cultura líquido disposto em placas de 96 poços. Cada poço, havendo indicação de 
crescimento microbiano ou não – i.e. turbidez –, foi armazenado como forma de cultura 
permanente (Figura 2). A coleção de cultura de micro-organismos foi concluída 
contendo 5.137 armazenados, dispostos em um total de 56 microplacas de 96 poços. 
 
Figura 2. Construção da coleção de cultura de micro-organismos associados à cana-de-açúcar. 
(A) Após a obtenção da microbiota enriquecidas para cada um dos órgaos amostrados da planta (i), as 
amostras foram diluídas seriadamente até a concentração adequada (ii) e plaqueadas em diferentes 
meios de cultivo sólidos (iii). As colônias crescidas (iv) foram repicadas para placas de 96 poços 
onde foram crescidas em meio de cultura líquido (v), e então armazenadas permanentemente (vi). 
(B) Recrescimento em meio de cultura sólido das culturas armazenadas a partir de amostras das 
regiões endofíticas da raiz (i) e colmo (ii), com o intuito de validação do armazenamento. Escala: 1 cm. 
i
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Após a construção da CBC da cana-de-açúcar surge o desafio de como 
identificar os micro-organismos armazenados. Neste trabalho, em especial, tivemos 
interesse em investigar os grupos de bactérias. Metodologias convencionais para a 
identificação microbiana requerem a existência de culturas puras, exigindo etapas 
prévias de isolamento. Métodos tradicionais para o sequenciamento de marcadores 
genéticos – a exemplo do gene do RNA ribossômico 16S, para a identificação de 
procariotos – compartilham dessa mesma limitação. O método Sanger de 
sequenciamento, amplamente utilizado nesse contexto de identificação microbiana 
por marcadores moleculares, não seria aplicável por não possuir resolução suficiente 
para identificar, em uma mesma corrida de sequenciamento, moléculas de DNA com 
sequências distintas. 
Em função desses impeditivos, nos dedicamos à criação de uma nova 
abordagem para a identificação, em larga escala, de micro-organismos isolados ou 
comunidades microbianas em configuração de placas de 96 poços. Desenvolvemos 
uma estratégia que (1) permite a discriminação de mais de um fragmento amplificado 
existente em um mesmo poço, ao mesmo tempo em que (2) possibilita a junção de 
diversas placas de 96 poços em uma única corrida de sequenciamento, condizendo 
com o grande número de armazenados na CBC da cana-de-açúcar. 
A publicação descrita a seguir compreende a validação das metodologias 
acima mencionadas utilizando um conjunto de cinco placas de 96 poços, uma parcela 
da coleção de cultura de micro-organismos da cana-de-açúcar.  
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4.1.1. Abstract 
Microbiome analysis using metagenomic sequencing has revealed a vast 
microbial diversity associated with plants. Identifying the molecular functions 
associated with microbiome-plant interaction is a significant challenge concerning the 
development of microbiome-derived technologies applied to agriculture. An alternative 
to accelerate the discovery of the microbiome benefits to plants is to construct microbial 
culture collections concomitant with accessing microbial community structure and 
abundance. However, traditional methods of isolation, cultivation, and identification of 
microbes are time-consuming and expensive. Here we describe a method for 
identification of microbes in culture collections constructed by picking colonies from 
primary platings that may contain single or multiple microorganisms, which we named 
community-based culture collections (CBC). A multiplexing 16S rRNA gene amplicon 
sequencing based on two-step PCR amplifications with tagged primers for plates, 
rows, and columns allowed the identification of the microbial composition regardless if 
the well contains single or multiple microorganisms. The multiplexing system enables 
pooling amplicons into a single tube. The sequencing performed on the PacBio 
platform led to recovery near-full-length 16S rRNA gene sequences allowing accurate 
identification of microorganism composition in each plate well. Cross-referencing with 
plant microbiome structure and abundance allowed the estimation of diversity and 
abundance representation of microorganism in the CBC. 
4.1.2. Introduction 
Advances in metagenomic sequencing methods have linked the vast 
microbial diversity to assorted biological functions in human health, plant development, 
and biotechnological processes1,2. In plants, beneficial microorganisms can affect plant 
growth by playing vital roles in several mechanisms, such as repression of pathogens, 
production of phytohormones, nitrogen fixation, stress resistance and nutrient 
uptake3,4,5,6,7,8,9,10. However, evaluation of the biological potential of microorganisms 
might be limited to the availability of representatives microbial culture collections11. 
Additionally, common approaches for microorganism isolation have limited throughput 
capabilities and lack the ability to cross-reference with culture-independent surveys. 
Isolation, cultivation and identification of microbial candidates are imperative 
steps for the emerging areas of microbial community manipulation and discovery of its 
biological function. However, we still rely on approaches from the past century for 
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recovery of microbial communities. Traditionally, the isolation of a representative set 
of microorganisms from a given environment requires several rounds of picking and 
streaking to obtain pure colonies. These methods are time-consuming, costly and may 
not be appropriate to the recovery of representative samples of the microbial 
diversity12. Microbial collections based exclusively on axenic cultures may result in the 
loss of relevant biological information since there are microorganisms that might 
depend on microbe-microbe interactions for their growth10,13. In such cases, the strict 
mutual dependence within microbes may drastically reduce their growth in culture 
media thus lessen the chance that it would be represented in collections obtained using 
pure colonies pickings. To this point, there is a need for new methods to isolate 
microbes, store them and annotate their identification in a high-throughput manner, 
preserving potential microbe-microbe interactions that is lost when culture collections 
are constructed based on axenic colonies. 
Although technologies for microbial surveys have rapidly evolved, the same 
did not occur for methods of isolation and identification of microbial communities. This 
impairment between microbial surveys and isolation procedures constitute a barrier for 
microbiome research imposed by the lack of methods for systematically store 
microbiota culture collections11,12,14. Also, it is important to have the possibility to 
cross-reference culture collections with culture-independent community analysis which 
is an important step to explore fundamental aspects of microbial studies such as 
estimate microbial recovery of isolation procedures, perform functional screenings and 
study host-microbe interactions11. 
Here we advance the concept of community-based culture collections (CBC) 
that is based on the isolation of colonies containing single or multiple microorganisms, 
and store them in a single plate well. The rationale is to bypass the laborious work of 
pure culture isolation and to concentrate on relevant insights based on community 
analysis, microbe-microbe and microbe-host interactions. The CBC approach may be 
useful in case of need to recover larger fractions of microbiota from a given environment 
to preserve putative microbe-microbe interactions. If microbes present in a given plate 
well appear to be of interest, pure colonies can be easily obtained, or their interactions 
further studied. Similar methods based on isolation of communities instead of axenic 
colonies have recently been reported15. We also presented a method to annotate the 
CBC through a multiplex strategy for pooling and sequencing near-full-length 16S 
ribosomal gene amplicons. This approach allows precise identification of CBC 
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microorganisms that can be directly compared with culture-independent community 
analysis for the estimation of microbial community recovery and selection of microbial 
candidates. The method presented here is suitable for the construction of culture 
collections from any environment in a high-throughput and large-scale manner. 
4.1.3. Results and Discussion 
4.1.3.1. Community-based culture collection (CBC) of sugarcane 
The method described here was developed when preparing a sugarcane 
CBC. The sugarcane CBC was prepared by picking colonies from primary platings of 
enriched microbial fractions of the rhizosphere, endophytic root and endophytic stalk 
of developing plants. Microbial samples were diluted and plated on three different 
culture media supplemented with sugarcane syrup. Colonies were picked regardless if 
they were single or multiple (community) microorganisms. A total of 5,137 colony 
communities were picked and stored in 96-well plates. 
4.1.3.2. Multiplex amplicon sequencing for microbe identification 
In order to identify and annotate the CBC near-full-length microbial 16S 
rRNA amplicons were sequenced from 96-well plates pooled down to a single tube 
using the PacBio RS sequencing platform (Fig. 1a). The use of longer 16S sequences 
enhances the quality of biological information, by either improving the depth of 
taxonomic assignment16,17 and comparison with available full-length 16S rRNA 
databases18,19. Two-step PCR amplifications were designed to add individual barcodes 
for the identification of each plate and well using primers for the 16S rRNA gene based 
on the V3–V9 region (Supplementary Fig. 1a). The first PCR step amplifies the 16S 
rRNA gene and adds specific barcodes for each 96-well plate (Supplementary Fig. 1b). 
First step PCR-barcoded amplicons were pooled in a single 96-well plate and used as 
templates for the second PCR step, which adds specific barcodes for columns and 
rows (Supplementary Fig. 1b). The second PCR-barcoded amplicons were pooled into 
a single tube. The pooled amplicons were sequenced on the PacBio RS platform 
because it conveniently allows the retrieval of the near-full-length sequence of the 16S 
rRNA genes. The multi-tagging method (Fig. 1b), coupled to PacBio SMRT 
sequencing, allows tracing back individual sequences to their original wells regardless 
of whether the well contains one or multiple microorganisms. The method was 
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developed using five 96-well plates from the sugarcane CBC. A bioinformatics pipeline 
was established for the sequence demultiplexing, removal of chimeric and nonspecific 
sequences, clustering into operational taxonomic units (OTUs) and their taxonomical 
assignment (Supplementary Fig. 2). 
 
Figure 1. Schematic representation of multiplex strategy for 16S rRNA gene amplification of 
community-based culture collection (CBC). The multiplex strategy allows pooling of libraries from 
more than one 96-well plate in one tube for sequencing of the near-full-length gene using a single run 
of the PacBio RS platform. (a) A two-step PCR for library preparation. The first step adds unique plate 
barcodes and the second step, rows and columns barcodes. (b) The combination of plates, rows and 
columns barcodes allows tracing back the exact well of origin from each sequence. Highlighted wells 
are kept empty and allow us to use them as positive (H10) and negative (H11 and H12) controls during 
PCR reactions and libraries preparation. bcP: plate barcode. bcR: row barcode. bcC: column barcode. 
4.1.3.3. Circular consensus sequence (CCS) accuracy and OTU assignment 
The intrinsically low raw-read quality of PacBio was overcome by generating 
circular consensus sequences (CCSs). Since errors are randomly distributed along raw 
sequences, error rates are almost eliminated by the CCS processing, and the higher 
the coverage of CCSs, the higher their accuracy20,21,22. Data accuracy was evaluated 
by assembling CCSs using a minimum value of 2× coverage. The per-base error rates 
of assembled CCSs were assessed by comparing CCSs generated from positive 
control wells that contained 16S rRNA amplicons from E. coli to a 16S reference 
sequence from this organism (Supplementary Fig. 3a). The average per-base error rate 
was 2.3% for CCSs with coverage lower than 5×, 0.7% for coverage from 5 to 9×, and 
0.3% for CCSs with coverage higher than 9× (Supplementary Fig. 3b). Notably, 74.7% 
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of the dataset was constituted by CCSs with coverage greater than 9× (Supplementary 
Fig. 4a) and showed the expected amplicon lengths (Supplementary Fig. 4b). 
We then investigated if the low-coverage CCSs could lead to a 
misidentification or produce false positive OTUs. The assumption was that OTUs 
called by high-coverage assembled CCSs have a low probability of being false 
positives because of their high sequence accuracy. Low-coverage CCSs have a 
greater chance of containing more errors and therefore could lead to singleton OTUs 
that do not represent true biological sequences. We first addressed this question by 
looking for sequence similarity through pairwise alignment of CCSs. Based on quality 
accuracy, CCSs were arbitrarily classified as low- (<10×) and high-coverage (≥10×). 
We found that the majority of low-coverage CCSs align with at least one high-coverage 
CCS, which raises their reliability and lowers the chance that they represent false and 
non-biological sequences (Fig. 2a). We investigated if it directly reflects in OTU 
clustering by looking how many OTUs were formed by the clustering of high-coverage 
CCS, low-coverage CCS or a combination of both. A total of 361 out of 1,003 identified 
OTUs presented at least one low-coverage CCS clustered with high-coverage CCSs. 
Hence, they could more confidently be assigned as true OTUs. Among 558 singleton 
OTUs, 335 were called from one low-coverage CCS and 223 from one high-coverage 
CCS (Supplementary Fig. 5). 
4.1.3.4. Reliability filter for removal of error-prone sequences 
Traditionally, quality filters based on CCS coverage are used to obtain highly 
accurate sequences. However, our analysis indicates that removing sequences based 
on coverage is not an adequate method to remove error-prone CCSs (Fig. 2b) because 
it could potentially lead to the loss of relevant biological information. The trade-off 
between accuracy and throughput should be determined for each application. In 
addition, considering that preserving information is highly desirable, we elaborated a 
strategy to maximize the number of sequences with high confidence to represent true 
biological sequences (reliable sequences). The rationale involved filtering the data 
based on the reliability of the CCS, rather than solely on its coverage. A CCS could be 
considered reliable if (1) it is above a threshold of similarity to a sequence deposited in 
a curated database and/or (2) if it is above a threshold of similarity to any other sequence 
within the dataset. The first case comprised instances in which the microorganism was 
already identified and had its gene sequences deposited in a database. The second one 
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assumed that within the collection there might exist redundancy, i.e. more than one well 
having the same microbe. Thus, the fact that a sequence appeared more than once in 
the collection, especially if called by high-coverage CCSs, makes it reliable. 
 
Figure 2. Sequence reliability filter maximizes retention of OTUs that might represent true 
biological sequences in community-based isolates. A quality filter solely based on CCS coverage 
causes loss of sequences that contain relevant biological information (Supplementary Fig. 5). A 
low-coverage CCS can be validated regarding its reliability if it has a representative in a 16S rRNA    
gene database or if it has high similarity to at least one other sequence in the CCS dataset from the 
same culture collection. (a) Heatmap showing that low-coverage CCSs (<10×) mostly cluster with     
high-coverage CCSs (≥10×) in the OTU clustering, which raises their reliability. (b) Alignment of CCSs 
against Greengenes18 16S rRNA gene database and the CCS dataset from the culture collection. The 
lower the coverage, the higher the number of error-prone CCSs (no hit against Greengenes and no hit 
against CCS dataset). (c) Number of OTUs per well found after removing error-prone CCSs.                      
S: singletons. db: database. 
After sequence demultiplexing, all chimeric, non-specific and larger than 
expected sequences were removed (Table 1). Out of 11,750 demultiplexed CCSs, a 
total of 12.3% and 0.14% represented chimeras and nonspecific sequences, 
respectively (Table 1). From the remaining CCSs (usable CCS) we were able to 
recover a total of 375 wells out of the expected 480 (78.1%; Table 1). Unrecovered 
wells might have occurred due to the lack of microorganism growth, low DNA 
concentration or low primer specificity. Usable CCSs were filtered by reliability 
(Supplementary Fig. 6a), and a total of 312 CCSs were discarded after being classified 
as error-prone (Table 1). The reliability filter allowed us to retain 22,6% of the total 
usable CCSs that would have been discarded if a filter based on coverage had been 
applied (Table 1 and Supplementary Fig. 6b). As isolates in the sugarcane CBC might 
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Figure 2 | Sequence reliability filter maximize retention of OTUs that might represent true
biological sequences in community-based isolates. A quality filter solely based on CCS
coverage causes the loss of sequences that contain relevant biological information
(Supplementary Fig. 5). A low-coverage CCS can be validated regarding its reliability if it
has a r presentative in a rRNA 16S gene database or if it has high similarity a ainst ate least
one other sequ nces from the own CCS d taset from the culture collection. (a) Heatmap
showing that low-coverag CCSs (<10×) m stly cluster with igh-coverag CCSs (≥10×) in
the OTU clustering, which raises their reliability. (b) Alignment of CCSs against Greengenes13
rRNA 16S gene database and the CCS dataset from the culture collection. The lower the
coverage, the higher the number of error-prone CCSs (no hit against Greengenes and no hit
against CCS datas t). (c) Number of OTUs per well found after removing error-pron CCSs.
S: singletons. db: database.
No hit against db and hit against CCS
dataset
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contain multiple microorganisms, the gain in the number of CCSs per well is 
advantageous for identification of microbes and also for further community analysis. 
Table 1. Number of assembled, demultiplexed and filtered CCSs based on CCSs coverage and CCS 
reliability. 
Total number of assembled CCSs (≥2× coverage) 27,220 
      Demultiplexed CCSs 11,750 
      Non-demultiplexed CCSs 15,345 
      CCSs larger than expected (>1,600 bp) 125 
      Chimeric CCSs 1,444 
      Non-specific sequences 16 
      Usable CCSs before quality filtering 10,290 
Recovered wells before quality filtering 377 of 480 
Usable CCSs after filtering by coverage (≥10× coverage) 7,688 
      Recovered wells after filtering by coverage (≥10× coverage) 366 of 480 
Usable CCSs after filtering by reliability 9,978 
      CCSs with hits against Greengenes database 9,469 
      CCSs with no hits against Greengenes and with hit against CCS dataset 509 
      Error-prone CCSs  312 
      Recovered wells after filtering by reliability 375 of 480 
bp: base pairs 
4.1.3.5. Microbial identification and cross-reference with culture-independent 
community analysis 
We next evaluated the number of identified OTUs per well. Over half of the 
wells showed two or more OTUs (Fig. 2c). The high number of wells that contained 
more than one identified microorganism can be considered as a proof of the concept for 
the method described in this work (Supplementary Fig. 7 and Supplementary Table 1). 
Considering the identification at the genus level with a confidence score of >0.95 given 
by UTAX (www.drive5.com/usearch/manual/utax_algo.html) we counted 34 distinct 
genera in the five plates tested (Supplementary Table 2). Together, the four most 
representative genera (Bacillus, Chitinophaga, Rhizobium and Burkholderia) 
accounted for over 56% of the total OTUs assigned in the five plates. A total of 206 
OTUs could not be assigned at the genus level. 
Finally, we estimated the extent of the sugarcane microbiota diversity that 
we recovered using the described method. The OTUs identified in the five CBC plates 
were cross-referenced with the 20,731 OTUs from the sugarcane microbiota previously 
identified by culture-independent community analysis23 (Supplementary Note). The 
cross-referencing was performed by sequence alignment using USEARCH24 with a 
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threshold of 97% identity. This analysis revealed that the sugarcane CBC contains 
members of the most abundant microbial genera of the root (Fig. 3a and Supplementary 
Fig. 8) and endophytic stalk sugarcane organ core microbiomes23 (Fig. 3b). Identified 
isolates comprised OTUs that account for 13.3%, 14.8% and 29.1% of the total 
bacterial relative abundance in sugarcane rhizosphere, endophytic root and 
endophytic stalk, respectively (Fig. 4). Although we aimed to isolate root and stalk 
endophytic microorganisms, our collection contained microorganisms that represent 
12.2%, 39.5% and 50.8% of the exophytic stalk, exophytic leaf and endophytic leaf 
diversity, respectively (Fig. 4). Furthermore, most of the isolates represent groups of 
bacteria that have never been studied regarding their biological role in association with 
plants (Fig. 3a,b and Supplementary Fig. 8). 
 
Figure 3. Cross-referencing of community-based culture collection (culture-dependent) and 
sugarcane microbial profile (culture-independent). The sugarcane community profile has identified 
a core bacterial community comprised of less than 20% of the total microbial richness but accounting 
for over 90% of the total microbial relative abundance23 (Supplementary Note). Because of its relevance, 
we have highlighted the recovery for the core microbiome. OTUs in five culture collection plates were 
cross-referenced against core community profile from root (rhizosphere and endophytic root) and stalks 
(endophytic bottom, medium and superior region of stalks) from sugarcane plants. The identified isolates 
comprised OTUs that account for 14.2% and 29.1% of the total bacterial relative abundance in 
sugarcane roots and endophytic stalk, respectively. Cladograms were constructed at the genus level 
based on taxonomy assignment. (a) Endophytic root and rhizosphere microbiota. The cladogram was 
simplified to show only five phyla; genera with no representatives in the collection were collapsed (see 
Supplementary Fig. 8 for detailed information). (b) Endophytic stalk microbiota. End.: endophytic.      
Bot.: bottom. Med.: medium. Upp.: upper. 
a b
Proteobacteria
Bacteroidetes
Actinobacteria Clades colapsed at class levels
Firmicutes
Acidobacteria Genus with at least one representative
already isolated from sugarcane
Figure 3
Figure 3 | Cross-referencing of community-based culture collection (culture-dependent) and
sugarcane microbial profile (culture-independent). OTUs in five culture collection plates were
cross-ref renced against mmunity profile from root (rhizosphere and endophytic root) and
stalks (endophytic bottom, medium and superior region of stalks) from sugarcane plants. A
total of 14.2% and 29.1% of identified OTU in the root and stalk endophytic core microbiome
has at least one representative in the culture collection. The cladograms were constructed at
the genus level based on a taxonomy assignment. (a) Endophytic root and rhizosphere
microbiota. T e cladogram was simplified to hows o ly 5 phyla; genera with no
representatives in the collection were collapsed (see Supplementary Fig. 8 for detailed
information). (b) Endophytic stalk microbiota. End.: endophytic. Bot.: bottom. Med.: medium.
Sup.: superior.
Relative abundance in 
sugarcane tissues
0 0,26
Representatives
in the collection
0 1 77
0 0,2
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Figure 4. Estimation of microbial community recovery in community-based culture collection 
(CBC). The graph shows an estimate of the relative abundance represented by the isolates in five plates 
of the CBC. The estimate was calculated based on cross-reference between the OTUs from CBC and 
sugarcane microbial profile23 (Supplementary Note). The taxonomical overlap of plant organs made 
possible to find representatives of the microbial community from plant organs that were not sampled for 
construction of the sugarcane CBC. 
4.1.4. Conclusions 
The biotechnological use of environmental microbiota requires methods for 
construction and identification of large microbial culture collections. Conventional 
techniques for isolation and identification of microorganisms are based on axenic 
cultures obtained by several steps of picking and streaking colonies. These methods 
are hardly scalable for massive isolation of microorganisms and do not allow 
cross-referencing with data from culture-independent community analysis. Here we 
presented an alternative for high-throughput identification of microorganisms in a 
culture collection constructed by colony picking of primary platings. These colonies 
may contain single of multiple microorganisms, and for this reason it was called 
community-based culture collection (CBC). The identity of the microorganisms in each 
well was assigned using multiplex sequencing of amplicons that allowed tagging plates 
and wells. The generated data could be cross-referenced with culture-independent 
community analysis to estimate precisely the microbial recovery. The method can be 
used for annotation of culture collections of any environment as it overcomes the major 
limitation of current microbiome research related to microbiota culture collections. 
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4.1.5. Material and Methods 
4.1.5.1. Construction of a sugarcane community-based culture collection 
The microorganisms used in this study represent a sample of a sugarcane 
community-based culture collection (CBC). This culture collection was constructed 
from microorganism-enriched pellets prepared from the rhizosphere, endophytic root 
and endophytic stalk compartments23. Briefly, microorganism-enriched pellets were 
diluted and plated on LB medium containing sugarcane syrup and incubated at 30 °C 
for 2–4 days. Individualized colonies from primary platings were picked in 96-well plates 
that contained liquid LB plus sugarcane syrup medium. From the 96-well plates, 93 wells 
were used for colony picking, and H10, H11, and H12 wells were used for E. coli 
controls. The 96-well plates were shaken at 225 rpm at 30 °C for 2–4 days and stored 
at −80 °C. No previous assumption was made concerning whether each of the 93 wells 
contained pure or multiple microorganisms. 
4.1.5.2. DNA extraction 
Replicas of five 96-well plates from the sugarcane CBC were thawed, 
centrifuged at 3,200 × g for 10 min at 15 °C, and the supernatant was discarded. The 
bacterial pellets were resuspended in 200 μL of GTE (glucose 50 mM, Tris-HCl 25 mM 
pH 8 and EDTA 10 mM pH 8). Plates were centrifuged again at 3,200 × g for 10 min at 
15 °C, and the supernatant was discarded. Pellets were resuspended in 60 μL of 
PrepMan Ultra Sample Preparation Reagent (Applied Biosystems, Foster City, CA, 
USA) and water at a 1:2 reagent-to-water ratio. The DNA extraction was performed 
according to the manufacturer’s instruction protocol. DNAs were stored in 96-well 
plates at −20 °C. 
4.1.5.3. Primer design 
The 16S rRNA V3–V9 gene region (Supplementary Fig. 1a) was amplified 
using 341f25 and 1492r26 primers. For the first PCR step, plate barcodes were added to 
the 1492r primer (first PCR; Supplementary Fig. 1b). Primers for the second step were 
designed with MT-FS region and Illumina barcode sequences (Nextera sequences) for 
columns and rows (second PCR; Supplementary Fig. 1b). A two-step library preparation 
is a standard protocol used for 16S community analysis and provides reliable 
sequences27. Additionally, we used Illumina sequences (Nextera sequences) to give 
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flexibility regarding sequencing platform. Using these primers, amplicons are 
compatible with both Illumina SBS chemistry and PacBio platform. Both the first and 
second PCR forward and reverse primers are listed in the Supplementary Data 1. All of 
the primers were obtained from Integrated DNA Technologies (IDT, Coralville, IA, USA). 
4.1.5.4. First PCR step 
PCR reactions were performed in 96-well plates (Fig. 1a). The reaction was 
designed to amplify the 16S rRNA V3–V9 gene region with unique plate barcodes. The 
reverse primer contained an overhang with a 9-bp barcode sequence (Supplementary 
Fig. 1b). To minimize the pipetting variation of small volumes, master mixes were 
prepared for 100 reactions. The master mix was prepared using the KAPA2G Robust 
PCR Kit (KK5024; Kapa Biosystems, Wilmington, MA, USA) and contained 400 μL of 
5× KAPA2G buffer A, 400 μL of 5× KAPA enhancer, 100 μL of 10 μM forward primer, 
100 μL of 10 μM reverse-tagging primer (plate tagging), 40 μL of 10 μM dNTPs, 8 μL of 
KAPA2G Robust DNA polymerase and 752 μL of sterile deionized water. 18 μL of 
master mix and 2 μL of DNA template were dispensed into each well of the five 96 well 
plates. Each plate contained E. coli K-12 MG1655 purified DNA as positive controls. 
The amplification program was as follows: 5 min denaturation at 95 °C; 25 cycles of 
30 s denaturation at 95 °C, 30 s primer annealing at 55 °C, 2 min extension at 72 °C; 
and a final cooling to 4 °C. The reactions were validated for amplification quality in 1% 
agarose gel electrophoresis. 
4.1.5.5. Pooling and purification of the first-PCR amplicons 
The amplicons of the five 96-well plates were pooled by transferring, with a 
multichannel pipette, 2 μL of each well of first-PCR reactions into a single 96-well plate 
(Fig. 1a). The final 10-μL volume was purified with Agencourt AMPure XP Beads 
(Beckman Coulter, Brea, CA, USA) according to the manufacturer’s instruction, at a 
bead-to-DNA ratio of 0.6:1. Purified PCR products were resuspended in 30 μL of sterile 
deionized water and stored at −20 °C. 
4.1.5.6. Second PCR step 
The pooled first-PCR amplicons were used as templates for the second 
PCR step to add unique barcodes for rows and columns in a 96-well plate format 
(Fig. 1a). The PCR reactions were performed using forward and reverse primers from 
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Nextera XT DNA Library Prep Kit (FC-121-1012; Illumina, San Diego, CA, USA). An 
overhang with 8-bp barcodes was added to the forward primer for each one of the 
8 rows of the 96-well plate. For the reverse primer, an overhang with 8-bp barcodes 
was added for each one of the 12 columns of the 96-well plate (Fig. 1a). The PCR 
amplification was performed using the KAPA HiFi HotStart ReadyMix PCR Kit 
(KK2602; Kapa Biosystems, Wilmington, MA, USA) in a 20-μL reaction containing 
10 μL 2× KAPA HiFi HotStart ReadyMix, 2 μL of 10 μM forward-tagging primer, 2 μL of 
10 μM reverse-tagging primer and 6 μL of the first-PCR amplicons. The amplification 
program was as follows: 3 min denaturation at 95 °C; 12 cycles of 30 s denaturation at 
95 °C, 30 s primer annealing at 55 °C, 30 s extension at 72 °C; and a final cooling to 4 °C. 
Amplicons were purified using 12 μL of Agencourt AMPure XP Beads (Beckman Coulter, 
Brea, CA, USA) according to the manufacturer’s instructions at a bead-to-DNA ratio of 
0.6:1. Exonucleases were inactivated by heating the plate in a thermocycler at 65 °C for 
30 min. The amplified products were validated by 1% agarose gel electrophoresis. 
4.1.5.7. Quantification, library preparation, and sequencing 
The cleaned amplicons of the second-step PCR were quantified using Qubit 
dsDNA BR Assay Kit (Invitrogen, Carlsbad, CA, USA) and pooled at equimolar ratios 
in a single tube (Fig. 1a). The pool of the second-PCR products was quantified using 
Qubit and validated for quality by 1% agarose gel electrophoresis. The PCR products 
were prepared for PacBio circular consensus sequencing using the “2-kb Template 
Preparation and Sequencing” protocol from Pacific Biosciences (PacBio, Menlo Park, 
CA, USA). In this protocol, the PCR products are circularized by ligation of SMRTbell 
adapters and repeatedly sequenced by multiple passes of the polymerase. All library 
preparation steps were performed at the University of North Carolina (UNC) 
High-Throughput Sequencing Facility (HTSF, Chapel Hill, North Carolina, USA). The 
library was sequenced using the PacBio RS II platform (P5-C3 chemistry). 
4.1.5.8. Data processing 
The raw sequence data generated by the PacBio RS II sequencing was 
assembled in circular consensus sequences (CCSs) using the RS_ReadsOfInsert 
protocol from the PacBio’s SMRT Portal v2.1.1 and the parameters of “minFullPasses 2” 
and “minPredictedAccuracy 90”. The read coverage and length distributions are 
shown in Supplementary Fig. 4a,b, respectively. Data processing was automated 
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using in-house implemented scripts. The scripts used for data processing are available 
in the GitHub repository (https://github.com/saccharome/CBC). The data analysis 
considered only CCSs with at least one hit against the Greengenes18 high-quality 
full-length 16S rRNA sequences database (May 2013 release) and/or the CCS dataset. 
CCSs that did not meet these criteria were considered error-prone and were discarded. 
4.1.5.9. CCS coverage 
The CCSs coverage was calculated as the sum of nucleotides of all 
subreads related to the CCS (i.e. after removing SMRTbell adapters from raw 
sequences) divided by the length of the assembled CCS. Numbers were rounded to 
the nearest integer value. 
4.1.5.10. Demultiplexing 
CCSs were demultiplexed according to their PCR barcodes. The UBLAST 
algorithm (www.drive5.com/usearch) was used to identify sequences of both forward 
and reverse Nextera transposase and non-barcoded 1492r primer sequences (14, 15 
and 16 nucleotides, respectively). Based on their location, the positions of barcodes 
were determined. The processing pipeline accepted a maximum of 3 mismatches for 
the alignments. The high stringency was chosen to ensure the correct traceability of 
sequences, and CCSs with at least one unassigned barcode were discarded. 
Barcodes identified on their predicted positions were considered consistent. The 
“search_oligodb” program was used to assign the barcodes with no mismatch. Both 
programs used are from the software package USEARCH24. 
4.1.5.11. Sequence reliability filtering 
CCSs were aligned to the Greengenes18 database using “usearch_global” 
from USEARCH23 software package with a 97% identity threshold (Supplementary 
Fig. 6a). CCSs with no hit against the database were then aligned to the original CCS 
dataset using the same parameters. CCSs with no hit against both databases were 
considered error-prone and discarded. 
4.1.5.12. Chimera and nonspecific sequences removal 
Sequences that contained fragments from different templates were 
considered chimeras. Chimeras were removed using the UCHIME28 program against 
  
48 
a high-quality chimera-free reference database (www.drive5.com/uchime/rdp_gold.fa). 
CCSs larger than expected (>1,600 base pairs) were also discarded as they may also 
represent chimeras21. The dataset that contained cleaned sequences was aligned to 
the most recent version of the Greengenes18 database using the “usearch_global” 
program from the USEARCH24 software package. Sequences with no hit or identity 
lower than 75% were discarded. 
4.1.5.13. Clustering 
CCS sequences were clustered within each well individually. Clustering was 
performed with a 97% identity threshold using UPARSE29 pipeline in a Perl script to 
automate the process. OTUs from this step were used for taxonomical classification, 
cross-referencing of culture collection with culture-independent community analysis 
and recovery estimate. In order to access the redundancy of microorganisms, OTUs 
were re-clustered at 97% identity in a second step, using the above-mentioned 
parameters. 
4.1.5.14. Cross-referencing of culture-dependent and -independent community 
analysis and recovery estimate 
An adapted culture-independent community profile of sugarcane root, leaf, 
and stalks using V4 16S ribosomal gene23 (Supplementary Note) was used for 
cross-referencing between culture-dependent and -independent community analysis. 
Sequences were globally aligned against OTUs from culture-independent data using 
“usearch_global” from USEARCH24 software package and only hits with ≥97% 
sequence identity were considered. Recovery estimate was calculated by summing 
the relative abundance of OTUs from the culture-independent data that had at least 
one hit against a CCS from the culture collection. Cladograms and trees for 
comparison of culture-dependent and -independent data were constructed using 
GraPhlAn30. 
4.1.5.15. Taxonomical assignment 
The taxonomy of OTUs was assigned using RDP classifier31 against the 
Greengenes18 database and UTAX (www.drive5.com/usearch/manual/utax_algo.html) 
against a trained RDP19 database (www.drive5.com/utax/rdp_16s.fa) because both 
algorithms provide confidence scores. 
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Supplementary Figure 1. Strategy for multiplexing and sequencing pools of samples in a 96-well plate 
configuration. (a) Schematic representation of a full-length 16S rRNA gene with nucleotide positions 
based on conventional E. coli numbering. Hypervariable regions and commonly used primers are 
shown. The method was initially established using 341f primer and extended to 008f primer for 
near-full-length sequencing of 16S rRNA gene. (b) Schematic representation of the amplification using 
a two-step PCR. The first-PCR step amplified the 16S region using the 1st-PCR_fwd and 1st-PCR_rev 
primers and added a plate barcode sequence. The second-PCR step amplified from the first-PCR 
amplicons using primers for Nextera transposase sequence and added row (2nd-PCR_fwd) and column 
(2nd-PCR_rev) barcodes. bp: base pair.  
1492
reverse
conserved regions
hypervariable regions
341
forward
b
V3 V4 V5 V6 V7 V8 V9V1 V2
1 ~1500 bp500 1000
2nd-PCR_rev
Illumina adapter
Nextera transposase sequence
Molecular tag
Plate barcode
Row barcode
Column barcode
a
16S fragment
Linker
1st-PCR_fwd 1st-PCR_rev
16S
amplicon of 2nd-PCR
amplicon of 1st-PCR
2nd-PCR_fwd
......
008
forward
  
54 
 
Supplementary Figure 2. Analysis pipeline. Raw reads were demultiplexed and filtered to ensure 
reliability and quality of CCSs. The first clustering step allows determination of which and how many 
microorganisms are present, while the second clustering step provides information on the redundancy 
of OTUs obtained from the first one. 
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Supplementary Figure 3. Quality assessment of CCSs based on coverage. E. coli controls were included during library preparation. CCSs from control wells 
were aligned against a reference to validate the correlation of quality and CCS coverage. (a) Visual representation of per-base error of E. coli 16S rRNA CCSs 
compared to the corresponding gene sequences deposited in GenBank (gene ID 948466). CCSs were organized from lower (top) to higher (bottom) sequence 
coverage. Black dots indicate mismatches or gaps. (b) Percentage of per-base error rate. CCSs were grouped into three classes based on similarity of error 
rate (CCSs with coverage <5×, CCS with coverage between 5 and 9×, and CCS with coverage ≥10×). 
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Supplementary Figure 4. Number of circular consensus sequences (CCSs) after demultiplexing, 
chimera and nonspecific sequences removal. (a) Number of CCSs as a function of coverage.                   
(b) Number of CCSs as a function of length.  
2 3 4 5 6 7 8 91 01 11 21 31 41 51 61 71 81 92 02 12 22 32 42 52 62 72 8
0
100
200
300
400
500
600
700
2
CCS coverage
N
um
be
r o
f C
C
S
s
4 6 8 1210 14 16 18 20 22 24 26 28
b
5 3
0
6 3
0
7 3
0
8 3
0
9 3
0
1 0
3 0
1 1
3 0
1 2
3 0
1 3
3 0
1 4
3 0
1 5
3 0
1
400
800
1400
1900
2100
200
CCS length
530 700 900 1100 1300 1530
N
um
be
r o
f C
C
S
s
a
  
57 
 
Supplementary Figure 5. Counts of OTUs based on CCS coverage. An OTU has a higher probability 
of representing a true biological sequence depending on the CCSs involved in the clustering event. 
OTUs originated from clustering of high-coverage CCSs have a higher chance of representing true 
biological sequences. All possible combinations of low- and high- coverage CCSs in OTU clustering 
were counted in order to estimate the overall reliability of OTUs. Before applying the quality filter, a large 
number of OTUs originated from singletons, low-coverage CCSs. Those OTUs have a higher probability 
of arising from errors and were removed by the quality filter (reliability filter).  
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Supplementary Figure 6. Pipeline of reliability filter and advantages of reliability filter over coverage 
filter. (a) (1) Alignment of the CCS dataset against a curated 16S rRNA gene database; CCSs with at 
least one hit against the database were considered reliable and were saved. (2) CCSs without a hit 
against the database were re-aligned to the CCS dataset. CCSs with a hit against the CCS dataset were 
considered reliable and were saved. CCSs without at least one hit were considered error-prone and 
discarded. (b) The graph shows the number of CCSs that have a hit against the Greengenes 16S rRNA 
gene database (light gray, left axis), the number of CCSs without any hit against the Greengenes 
database but at least one hit against any other CCS on the dataset (strong gray, left axis), and the 
number of CCSs without any hit against both the Greengenes and CCS dataset (error-prone CCSs, 
black, left axis) per CCS coverage. Triangles show the cumulative percentage of CCSs at a given 
coverage threshold. If one chose to filter CCSs based on coverage, a significant fraction of reliable CCS 
would be lost. db: database.  
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Supplementary Figure 7. Redundancy of OTUs found in the five plates of the sugarcane 
communitty-based culture collection (CBC). Distribution of OTUs based on their presence in different 
wells.  
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Supplementary Figure 8. Full-version of cladogram for cross-referencing of OTUs in the five plates of 
the sugarcane community-based culture collection of the root core OTUs from sugarcane microbiome 
profile presented in Figure 3a.  
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Supplementary Figure 8. Full-version of cladogram for cross-referencing of OTUs in the five
plates of the sugarcane community-based culture collection of the root core OTUs from
sugarcane microbiome profile presented in Figure 3a.
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Supplementary Table 2. Genera with confidence score >0.95 as determined by the UTAX 
algorithm (www.drive5.com/usearch/manual/utax_algo.html) against a trained RDP1 database 
(www.drive5.com/utax/rdp_16s.fa); number of representatives identified in each genus and number 
of representatives in each sampled organ of sugarcane. 
Genera Number of representatives 
Representatives per tissues 
Rhizonphere Endophytic root 
Chitinophaga 78 44 34 
Arthrobacter 5 4 1 
Asticcacaulis 3 1 2 
Bacillus 90 68 22 
Bosea 9 2 7 
Burkholderia 52 37 15 
Caulobacter 12 9 3 
Curtobacterium 1 1 0 
Dokdonella 4 1 3 
Dyadobacter 5 2 3 
Dyella 24 16 8 
Ensifer 4 4 0 
Enterobacter 11 6 5 
Escherichia/Shigella 15 9 6 
Filimonas 2 0 2 
Flavobacterium 5 2 3 
Hyphomicrobium 2 1 1 
Inquilinus 8 4 4 
Kaistia 2 1 1 
Lysobacter 11 7 4 
Mesorhizobium 1 0 1 
Microbacterium 9 7 2 
Mucilaginibacter 36 29 7 
Mycobacterium 1 0 1 
Paenibacillus 2 2 0 
Pedobacter 12 9 3 
Promicromonospora 2 1 1 
Pseudomonas 6 3 3 
Rhizobium 73 40 33 
Sphingobium 1 0 1 
Sphingomonas 2 0 2 
Sporosarcina 3 1 2 
Streptomyces 1 0 1 
Variovorax 29 20 9 
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Supplementary Note 
Community analysis of sugarcane microbiome 
The microbial community composition of sugarcane was accessed through 
amplicon sequencing of 16S V4 region using the HiSeq 2500 platform1. A total of 341 
million reads from roots, stalks, top leaves and young shoots were sampled from plants 
harvested at the 4, 6, 8 and 10th months after budding. Microbiota community was 
accessed in the internal (endophytic) and external (exophytic) organs. Clustering using 
UPARSE2 pipeline resulted in 23,811 prokaryotic operational taxonomic units (OTUs). 
A customized dataset was prepared by selecting for OTUs with at least one hit against 
Greengenes3 rRNA 16S gene database at ≥75% identity using the program 
“usearch_global” from USEARCH4 software package. Then, based on the number of 
reads of the remaining 20,731 OTUs, the relative abundances for each OTU were 
recalculated per sample.  
Additional details of the figures 
Figure 2a. Heatmap. Heatmap was constructed by counting the matches in 
a pair-wise alignment of CCSs using 97% identity as a threshold. The CCS coverage 
was considered to evaluate the correlation between low- and high-coverage CCS. 
Taken into consideration that high-coverage CCS have a higher probability of 
representing true biological sequences, a match of low-coverage CCS against a 
high-coverage CCS would raise the confidence on that low-coverage CCS also to be 
a true biological sequence. It directly affects OTU clustering and related biological 
questions. For example, if an OTU is formed by the clustering of three CCSs with 
3, 15 and 30× coverage, one could assume that even though one low-coverage CCS 
took part on clustering, the presence of other two high-coverage CCS would raise the 
reliability of that OTU to represent a true biological information. The fact that most 
low-coverage CCSs match high-coverage CCSs implies that this example would be 
the prevalent case in our dataset. The color assignment was made from the minimum 
to the maximum value of observations for each case of alignment. CCSs with no match, 
here called singletons, were also counted. 
Figures 2b, 2c, Supplementary Figures 3a, 3b, 4b, 6b, 7 and 9. Graphs. 
All referred graphs were generated using GraphPad Prism v6 (GraphPad Software, 
www.graphpad.com). 
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Figure 2b, Supplementary Figure 6a and 6b. Filtering of error-prone CCS. 
The pipeline is outlined in Supplementary Figure 6b. The CCS dataset was aligned 
against Greengenes3 database. CCSs with at least one hit against database were 
considered reliable and kept (light gray). Remaining CCS (without hits against the 
database) were then aligned against the CCS dataset. CCSs with at least one hit were 
considered reliable and also kept (strong gray). CCSs with no hit against database 
were considered error-prone and discarded (black). Both alignments were performed 
using the program “usearch_global” from USEARCH4 software package with ≥97% 
identity. Figure 2b shows the percentage of CCSs for a given coverage. 
Supplementary Figure 6b shows raw numbers of the same above-mentioned 
analysis. The cumulative percentage of CCSs (triangles, in Supplementary Figure 
6b) were calculated by dividing the amount of CCS considering a threshold of a given 
coverage by the total amount of CCSs. 
Figure 2c. Identification of more than one OTU per well in the 
community-based culture collection. Wells that harbor a given number of 
microorganisms were counted based on the OTU table obtained from the second step 
of clustering. 
Figure 3a, 3b and Supplementary Figure S8. Cladograms. OTUs 
obtained from the first step of clustering of the CBC were aligned to the sequences 
obtained through culture-independent community analysis using “usearch_global” 
from USEARCH4 with ≥97% identity. We considered only the best hit for each OTU 
from the collection of microorganisms. The taxonomical assignment was transcribed 
from culture-independent data and used for the construction of the cladograms. 
Cladograms were constructed using GraPhlAn5. Each level of the cladogram 
represents a level of the taxonomic rank (from kingdom to genus). Due to the vast 
diversity of belowground compartments (Figure 3a), genera with no representatives in 
the collection were collapsed at class level (the complete cladogram is shown in 
Supplementary Figure S8). Relative abundances were calculated for each genus (or 
class, when collapsed) by taking together relative abundances of all representatives in 
the respective taxonomic level.  
Figure 4. Relative abundance of microorganisms from the collection in 
several sugarcane organs. From the alignment obtained for the construction of the 
cladograms (Figure 3a, 3b and Supplementary Figure S8), the relative abundance 
of each OTU, as well as their classification as belonging to the core communities, were 
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transcribed from the customized culture-independent community profile of sugarcane 
root, leaf, and stalks1.  
Supplementary Figures S3a and S3b. Estimative of the error rate of the 
CCSs based on E. coli 16S rRNA gene. A total of 200 CCSs from E. coli 16S V4–V9 
region were aligned to the full-length 16S ribosomal RNA from rrnB operon of this 
organism deposited in GenBank (gene ID 948466), used as a reference. For the 
purpose of comparison, we decided to align the CCS of E. coli against only one of the 
seven ribosomal RNA found in the reference genome. Our choice was made upon the 
fact that these operons differ from each other in less than 1% in nucleotide sequence, 
as also reported in other researches6. Since traditional amplicon clustering uses 
thresholds above 3%, this would not be relevant for accuracy validation of 16S CCS 
amplicon and would serve as a good approximation. We used the program 
“usearch_global” from USEARCH4 with ≥97% identity. The nucleotides were 
numbered according to the reference 16S rRNA gene. Insertions in CCS sequences 
were not considered. Mismatches or deletions were represented as a black dot 
(Supplementary Figure S3a). CCSs were grouped according to their coverage. For 
each group, the number of errors for a given nucleotide position was divided by the 
total number of sequences in the group and multiplied by 100 to generate the 
percentage of errors at each base (Supplementary Figure S3b). We noted that 
specific nucleotide positions (i.e. 349, 350, 449, 1,002, 1,010 and 1,006) showed 
remarkable variability in our data (high error rate). Our investigation has shown that 
these are the specific position in which the E. coli operons differ from each other. Thus, 
the higher error rates displayed in this figure resulted from the method of approximation 
in which CCSs were aligned regardless their operon of origin.  
Supplementary Figure S7. Redundancy of OTUs. We used the OTU table 
obtained from the second step of clustering. This OTU table designates presence or 
absence of each OTU (rows) in each well (columns). The redundancy of OTUs was 
calculated by counting the number of wells that harbor a given OTU. OTUs were 
ordered (x-axis) from the most to the least abundant.  
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4.2. CAPÍTULO II: PUBLICAÇÃO “A COMMUNITY-BASED CULTURE 
COLLECTION FOR TARGETING NOVEL PLANT GROWTH-PROMOTING 
BACTERIA FROM THE SUGARCANE MICROBIOME” 
Diversos estudos têm se dedicado ao isolamento e à identificação de 
micro-organismos associados às plantas em função de seus efeitos benéficos. No 
entanto, em se tratando especificamente de cana-de-açúcar, nenhuma investigação 
até então foi capaz de avaliar a representatividade desses micro-organismos isolados 
frente ao próprio microbioma da planta. Nesse sentido, de modo a preencher tal lacuna, 
outra etapa fundamental deste trabalho consiste na abordagem que desenvolvemos 
para o cross-referencing (referenciamento cruzado). A abordagem consiste no 
cruzamento de dados, realizado entre (1) a identificação do conteúdo existente na 
coleção de cultura de micro-organismos da cana-de-açúcar e (2) a descrição do 
microbioma dessa planta, já publicada pelo nosso grupo, através de técnicas 
independentes de cultivo microbiano. De extrema relevância, esse processo permite a 
atribuição de características ecológicas aos micro-organismos armazenados indicando, 
por exemplo, seu padrão de colonização e sua abundância relativa na cana-de-açúcar. 
As abordagens desenvolvidas – descritas e validadas no Capítulo I para a 
identificação das bactérias armazenadas e obtenção das informações de caráter 
ecológico – viabilizam o uso da CBC da cana-de-açúcar no acesso a questões 
biológicas importantes que tangenciam a interação micro-organismo–planta. Nesse 
sentido, a publicação descrita no atual capítulo consiste na aplicação dessas 
metodologias para identificar todas as bactérias armazenadas na coleção de cultura 
de micro-organismos, objetivando responder às seguintes questões: 
 
1. Qual a representatividade da coleção de cultura de micro-organismos 
associados à cana-de-açúcar, ou seja, utilizando a abordagem de 
armazenamento microbiano em comunidades (i.e. CBC), o quanto foi 
possível recuperar da comunidade de bactérias do microbioma da 
dessa planta? 
2. Os diferentes meios de cultura utilizados para o acesso aos micro-
organismos foram necessários e suficientes para capturar uma parcela 
representativa da comunidade de bactérias do microbioma da 
cana-de-açúcar? 
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3. Quais bactérias estão presentes na CBC da cana-de-açúcar e quais 
delas compreendem bactérias pertencentes ao microbioma core dessa 
planta? 
4. As bactérias do microbioma core da cana-de-açúcar – pouco estudadas 
até então, de acordo com a literatura – são capazes de promover o 
crescimento e desenvolvimento de uma planta modelo (i.e. milho,      
Zea mays L.)? 
5. Quais dessas bactérias colonizam eficientemente as plantas de milho 
e em quais órgãos?  
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4.2.1. Abstract 
The soil-plant ecosystem harbors an immense microbial diversity that 
challenges investigative approaches to study traits underlying plant-microbe 
association. Studies solely based on culture-dependent techniques have overlooked 
most microbial diversity. Here we describe the concomitant use of culture-dependent 
and -independent techniques to target plant-beneficial microbial groups from the 
sugarcane microbiome. The community-based culture collection (CBC) approach was 
used to access microbes from roots and stalks. The CBC recovered 399 unique 
bacteria representing 15.9% of the rhizosphere core microbiome and 61.6–65.3% of 
the endophytic core microbiomes of stalks. By cross-referencing the CBC 
(culture-dependent) with the sugarcane microbiome profile (culture-independent), we 
designed a synthetic community comprised of naturally occurring highly abundant 
bacterial groups from roots and stalks, most of which has been poorly explored so far. 
We then used maize as a model to probe the abundance-based synthetic inoculant. 
We show that when inoculated in maize plants, members of the synthetic community 
efficiently colonize plant organs, displace the natural microbiota and dominate at 
53.9% of the rhizosphere microbial abundance. As a result, inoculated plants 
increased biomass by 3.4-fold as compared to uninoculated plants. The results 
demonstrate that abundance-based synthetic inoculants can be successfully applied 
to recover beneficial plant microbes from plant microbiota. 
4.2.2. Introduction 
Microbial community profiling by culture-independent techniques has 
transformed our knowledge of the diversity and extent of plant-associated microbiomes 
(Bulgarelli et al., 2012, 2013, 2015; Lundberg et al., 2012; Edwards et al., 2015; 
Panke-Buisse et al., 2015; Zarraonaindia et al., 2015; Coleman-Derr et al., 2016; 
Castrillo et al., 2017). Culturing representative microbes of plant-associated microbiota 
and performing direct inoculation experiments are therefore crucial steps toward 
understanding the mechanisms involved in growth promotion, interspecies interactions 
and community assemblage (Zengler et al., 2002; Vartoukian et al., 2010; Bai et al., 
2015; Lebeis et al., 2015; Castrillo et al., 2017; Finkel et al., 2017). Several studies 
have reported the beneficial contributions of key microorganisms or microbial 
communities in plant development by conducting inoculation assays under sterile 
conditions (Bai et al., 2015; Timm et al., 2016; Castrillo et al., 2017). However, the 
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isolation of plant-associated microorganisms has been driven by the screening of 
known traits for plant growth promotion, using group-specific culture media, which may 
restrict discovery of novel mechanisms and neglect dominant microbial groups 
associated to plants. The development of new approaches to target microorganisms 
based on microbial ecology data, such as assemblage pattern and abundance, may 
help unravel novel mechanisms and traits associated with the plant-microbe interaction. 
Root-colonizing bacteria that exert beneficial effects such as nitrogen fixation 
and phytohormone production have been identified in sugarcane in the past decades 
(Döbereiner, 1961; Döbereiner et al., 1972; Cavalcante and Döbereiner, 1988; Olivares 
et al., 1996; Bastián et al., 1998; Fuentes-Ramirez and Caballero-Mellado, 2005). 
However, the organ distribution and abundance of these bacterial groups compared 
with other microorganisms inhabiting the sugarcane plant remained unknown until 
recently, when the diversity, organ-specific assemblages, and abundance of bacterial 
and fungal communities during plant development have been investigated (de Souza et 
al., 2016). It was found that a core microbiome comprised of <~20% of the total microbial 
diversity represented over ~90% of the relative abundance of bacterial and fungal OTUs 
(operational taxonomic units) assembled in the different plant organs. Surprisingly, the 
commonly investigated microbial groups in association to sugarcane comprise a small 
fraction of the total diversity. On the other hand, highly abundant microbial groups 
inhabiting sugarcane are comprised by understudied microbes (de Souza et al., 2016). 
Microorganisms have traditionally been isolated from plants as axenic 
cultures, using culture media specific to microbial groups (Brown et al., 2012; Bai et 
al., 2015; Castrillo et al., 2017). These methods require successive rounds of picking 
and streaking to obtain pure cultures. Although this approach has allowed the 
identification of plant-beneficial bacteria, the medium selectivity prevents the growth of 
most plant-associated microbes (Schloss and Handelsman, 2005; Lebeis et al., 2012; 
Stewart, 2012; Turner et al., 2013). Moreover, some microorganisms might not be 
amenable to isolation due to strict mutual dependencies among microbes (Schink, 
2002; Barea et al., 2005). We have recently introduced the concept of community-based 
culture collection (CBC) (Armanhi et al., 2016) as an alternative method for large-scale 
isolation of microorganisms of plant-associated microbiota. The CBC approach is 
based on picking non-confluent colonies from primary platings regardless of whether 
they comprise single or multiple microorganisms, therefore, allowing culturing 
communities instead of solely pure colonies. 
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Here, we present a strategy to target and investigate plant growth-promoting 
(PGP) bacteria based on microbial community profile of plant organs. We use the CBC 
approach (Armanhi et al., 2016) to annotate our entire sugarcane culture collection and 
identify representatives of dominant microbial groups associated to sugarcane. A 
synthetic community comprising highly abundant bacteria from root and stalk core 
microbiomes was assembled as an inoculant. Then the abundance-based synthetic 
inoculant was probed using maize as a plant model. The results are discussed in the 
context of using relative abundance profile of plant microbiota to target beneficial 
microbes. 
4.2.3. Materials and Methods 
4.2.3.1. The sugarcane community-based culture collection (CBC) 
A CBC representative of the sugarcane microbiome was constructed by 
sampling the rhizosphere, endophytic root, and endophytic stalks of mature sugarcane 
(Saccharum sp.) variety SP 80-3280. Plants were harvested from the same site where 
samples were collected to profile sugarcane microbiome by culture-independent 
methods (de Souza et al., 2016). Rhizosphere community was obtained by washing 
roots in ice-cold 1 × PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 
and pH 7.0) with 0.05% Tween 20 solution. Microorganisms from endophytic root and 
stalk were collected by homogenizing plant tissue in PBS. For each plant organ, an 
enriched microbial sample was obtained by centrifugation (Supplementary Figure S1). 
Enriched microbial samples were plated on half-strength Luria-Bertani (LB) medium, 
supplemented with sugarcane juice containing 8 or 35 g l−1 of total reducing sugars 
(TRS; Supplementary Table S1), and yeast-peptone-dextrose (YPD) medium. Microbial 
isolates were recovered by picking colonies from these primary platings regardless of 
whether they contain single or multiple microbes. Isolates were grown in liquid media, 
tested for growth viability (Supplementary Figure S2) and stored in 96-well plates (see 
“Construction of the sugarcane CBC” in Supplementary Methods S1). 
4.2.3.2. DNA extraction, 16S rRNA gene sequencing for microbe identification, and 
taxonomic classification 
Microbial identification was performed by the 16S rRNA gene multiplex 
amplicon sequencing by PacBio (Armanhi et al., 2016) using 8f and 1492r primers to 
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target the V1–V9 regions (Supplementary Table S2). Raw data were deposited at 
Sequence Read Archive (SRA) database under the accession number SRP126483. 
The assembly of raw sequences into CCSs (circular consensus sequences), CCS 
demultiplexing, quality filtering, and clustering into OTUs were carried out as 
previously described (Armanhi et al., 2016). The CCSs were firstly clustered into 
well-OTUs (wOTUs, i.e., OTUs obtained after CCS clustering within the wells). Then, 
wOTUs sequences were reclustered into collection-OTUs (cOTUs, i.e., OTUs 
obtained after wOTU clustering among the wells; Supplementary Figure S3A and 
“Sequencing and data processing” in Supplementary Methods S1). The taxonomic 
prediction was assigned for cOTUs using “utax” in USEARCH v8.1 (Edgar, 2010) and 
RDP (Cole et al., 2005) database (www.drive5.com/utax/rdp_16s.fa) with a 
confidence score of 0.9. 
Phylogenetic analysis was performed by multiple alignments of cOTU 
sequences using Clustal Omega v1.2.1 (Sievers et al., 2011) with 1,000 iterations. A 
phylogenetic tree was constructed by maximum likelihood using QIIME v1.8.0 
(Caporaso et al., 2010) and FastTree v2.1.3 (Price et al., 2009). The tree was 
visualized using GraPhlAn v0.9.7 (Asnicar et al., 2015). 
4.2.3.3. Cross-referencing of CBC (culture-dependent) data with the sugarcane 
microbiome (culture-independent) data 
The CBC dataset was cross-referenced with the sugarcane microbiome 
dataset (de Souza et al., 2016) by sequence alignment (Supplementary Figures S3B–D). 
Initially, the sugarcane profile dataset was filtered by aligning the microbiome-OTUs 
(mOTUs, i.e., OTUs obtained by community assemblage analysis of the sugarcane 
microbiome) with the Greengenes database (DeSantis et al., 2006) using 
“usearch_global” in USEARCH v8.1. Sequences with <75% identity were discarded 
(Supplementary Figure S3B). The cross-referencing was performed by sequence 
alignment of the filtered mOTUs (culture-independent method) with the CCSs from the 
microbe identification dataset of the CBC (culture-dependent method; Supplementary 
Figure S3C). The link between mOTUs and cOTUs were made by mapping back the 
CCSs to its respective cOTUs (Supplementary Figures S3C,D and “Cross-referencing” 
in Supplementary Methods S1). Stalk regions were divided in bottom, medium and 
upper stalk by similar number of internodes as previously described (de Souza et al., 
2016). 
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4.2.3.4. Assemblage and inoculation of an abundance-based synthetic community 
A total of 17 wells containing highly abundant bacteria from the sugarcane 
core microbiome was selected to construct a synthetic community. Bacteria from each 
well were individually grown in liquid culture media to late exponential phase, and 
equivalent optical density (OD) were mixed to reach the final OD620 nm of 0.6. The 
culture mix was centrifuged and the pelleted was resuspended in 0.1 × Hoagland's 
solution (Hoagland and Arnon, 1950). 
The abundance-based synthetic inoculum was probed using maize as a 
plant model. Seeds of the commercial maize (Zea mays L.) hybrid DKB 177 (DeKalb; 
Monsanto, Brazil) were surface-sterilized by firstly rinsing twice in a solution of 0.1% (v/v) 
Tween 20 (Sigma, Saint Louis, MO, USA) for 5 min under constant agitation. After 
washing seeds twice in sterile distilled deionized water to remove remaining Tween 20, 
seeds were soaked in 15% (v/v) commercial bleach solution for 10 min under constant 
agitation. Seeds were then seven times washed in distilled deionized water to eliminate 
remaining Tween 20 and bleach solutions. Surface-sterilized seeds were properly 
arranged in sterile filter papers rolls, maintained moist and sterile. Seeds were 
pre-germinated in the dark at 28°C for 3 d. 
Seedlings were aseptically dissected from their endosperm and scutellum 
to limit the nutrient availability and force plants to acquire nutrients from the substrate. 
Endosperm-free seedlings were planted in bottom-holed pots of 25 cm height and 10 
cm diameter filled with vermiculite. Plants were subjected to three inoculation events: 
germinated embryo axes were soaked in the inoculum for 30 min right before planting 
and 1 mL of inoculum was pipetted to each planted seedling, and two further direct 
applications to the plant base at 2 d and 1 week after planting. Plants were maintained 
well-watered with sterile distilled deionized water and irrigated every 3 d with 50 mL of 
modified Hoagland's nutrient solution (see “Maize growth conditions” in Supplementary 
Methods S1). Thirteen replicates were used for each treatment in a randomized 
experimental design. Eight 4-week-old plants per treatment were harvested and had 
their fresh and dry weight measured. To assess dry weight plants were dried at 65°C 
for 7 d. 
4.2.3.5. Microbiota profiling of inoculated and uninoculated plants 
Five inoculated and five uninoculated 4-week-old plants were harvested, 
and their leaves, stems and roots microbial communities sampled by methods adapted 
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from previously described protocol (de Souza et al., 2016). DNA was extracted from 
enriched microbial samples and used for library preparation for 16S rRNA gene 
sequencing as previously described (de Souza et al., 2016). Libraries were sequenced 
in the HiSeq 2500 Illumina sequencer. All raw data were deposited at SRA database 
under the accession number SRP116051. The bioinformatics pipeline used USEARCH 
v9.2 commands (Edgar, 2010) unless otherwise specified (Supplementary Figure S4). 
Sequences were filtered using maximum expected error 0.25 (Edgar and Flyvbjerg, 
2015), and by size, from 230 to 270 nucleotides. Plastid sequences were removed 
using the DUK (Li et al., 2011). OTUs were obtained by sequence clustering at 97% 
identity using an UPARSE-based (Edgar, 2013) pipeline (see “Microbiota profiling” in 
Supplementary Methods S1). 
4.2.3.6. Analysis of the colonization pattern of the abundance-based synthetic 
community 
The OTUs from inoculated and uninoculated plants were identified using 
SINTAX (Edgar, 2016) in USEARCH v9.2 and the SINTAX-compatible SILVA 16S 
rRNA gene database (www.drive5.com/sintax/silva_16s_v123.fa.gz). The Bray–Curtis 
dissimilarity matrix was calculated and employed for principal coordinates analysis 
(PCoA) and analysis of similarity (ANOSIM) using QIIME. The differential relative 
abundance of each OTU among samples was determined with a Kruskal–Wallis test 
with P < 0.05 (see “Colonization analysis” in Supplementary Methods S1). 
4.2.4. Results 
4.2.4.1. The sugarcane CBC targeted a significant portion of the sugarcane core 
microbiome 
We used the multiplex amplicon sequencing method (Armanhi et al., 2016) 
to elucidate the bacterial composition of each well of our sugarcane CBC. The raw 
sequences were assembled into 205,411 CCSs that were filtered by coverage (≥2×) 
and reliability. We considered a CCS as reliable when it was above a threshold of 
similarity to a sequence deposited in a curated database and/or above a threshold of 
similarity to any other sequence of the CBC dataset (Armanhi et al., 2016). After 
filtering, 80,959 CCSs were recovered, allowing the identification of the bacterial 
composition of 2,942 wells (Supplementary Table S3). Among these, 1,717 wells were 
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obtained from colonies of rhizosphere enriched microbiota, 923 from endophytic root 
and 302 from endophytic stalk of sugarcane. 
To investigate whether the sugarcane CBC targeted a representative set 
of the sugarcane microbiome, we cross-referenced the CBC with the sugarcane 
microbiome profile (de Souza et al., 2016). We found that 48, 40, and 33 cOTUs from 
the CBC are representatives of groups that colonize the endophytic bottom, medium 
and upper stalk, respectively. These cOTUs matched a total of 66, 56, 48 mOTUs 
from the sugarcane microbiome and accounted for 61.6, 63, 65.3% of the total 
relative abundance in the core microbiomes of these respective organs. Although the 
microbial diversity is higher in the root compartments than other plant organs (de Souza 
et al., 2016), the sugarcane CBC recovered 75 cOTUs that matched 128 mOTU in the 
sugarcane microbiome and accounted for 15.9% of relative abundance in the 
rhizosphere core microbiome. The microbes from the leaves were not sampled for 
the microbial collection, however, the culture collection targeted unrelated 
representatives that accounted for 56.1 and 64.5% of the exophytic and endophytic 
leaf core microbiomes, respectively (Figure 1 and Supplementary Table S4). 
4.2.4.2. Bacterial composition of the sugarcane CBC plate wells 
The bacterial composition of each CBC plate well were accessed by 
individually clustering the CCSs from each well into wOTUs. This analysis revealed 
that 1,450 wells (49.3%) contained single bacterial wOTUs, and the remaining 1,492 
wells (50.7%) harbored multiple bacterial wOTUs (Figure 2A). The clustering of the 
wOTU sequences revealed a total of 399 unique cOTUs. The most redundant cOTU 
was present in 575 CBC wells. Conversely, 303 of the 399 cOTUs were found in less 
than five wells, and among these, 200 were found in single wells of the entire culture 
collection (Figure 2B and Supplementary Table S5). 
We then investigated if the nutrient composition of the different culture 
media was selective for some bacterial groups. Among the 399 unique cOTUs, only 
38 (9.5%) grew in all culture media. Contrastingly, 294 cOTUs (74%) showed culture 
media specificity, with 160 growing only in half-strength LB supplemented with 
sugarcane juice at 8 g l−1 TRS, 103 growing in half-strength LB supplemented with 
sugarcane juice at 35 g l−1 TRS, and 31 growing in only YPD medium (Figure 2C). 
The bottom and medium stalk bacterial groups that grew in a single culture medium 
showed higher relative abundance compared to those growing in all media. 
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Interestingly, more than one-third of the total stalk bacterial endophytes grew 
specifically in one of the three culture media used, regardless of the type of media. 
Contrastingly, in both exophytic upper stalk and top leaves, the microbes that grew 
in all media were those which together presented a higher relative abundance 
(Figure 2D). 
 
Figure 1. Estimated recovery of bacterial groups from sugarcane organs accessed by the CBC. 
Recovery estimates in terms of abundance for roots, stalks (bottom, medium, and upper), and leaves 
were calculated by cross-referencing the CBC with the sugarcane community profile. Pie charts 
separately display the relative abundance of mOTUs (OTUs obtained by community assemblage 
analysis of the sugarcane microbiome). The CBC contains representative sets of bacterial members of 
the sugarcane core microbiomes, stable, and highly abundant microbial communities with putative 
impact on plant development. 
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Figure 2. Characterization of OTU composition from isolated communities in sugarcane CBC. 
(A) Number of OTUs per well (wOTUs) as determined by clustering sequences within wells.                      
(B) Redundancy of OTUs in the CBC determined by clustering wOTU sequences into cOTUs. The 
cOTUs represent unique OTUs in the CBC. (C) cOTU preference for culture media. Results are derived 
by cOTUs that were grown in only one medium, two media, or all used culture media. (D) Relative 
abundance of cOTUs per their preference for culture medium.  
The correlation between the relative abundances of the bacterial groups of 
the sugarcane CBC with those in the sugarcane organs (de Souza et al., 2016) was 
investigated by grouping cOTUs at the deepest known taxonomic level and displaying 
them according to their number of representatives in the CBC and their relative 
abundance in the sugarcane microbiome. Overall, a positive correlation was 
maintained, as the most represented groups in the CBC were also present at high 
abundances in the sugarcane organs. For example, members of the families 
Rhizobiaceae, Xanthomonadaceae, Burkholderiaceae, and Enterobacteriaceae, which 
are highly abundant in the sugarcane organs, were also highly redundant in the CBC, 
although Acinetobacter and Pseudomonas, which are highly abundant in sugarcane 
organs, were less represented in the CBC (Figure 3 and Supplementary Table S6). 
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Figure 3. Correlation of genera relative abundance in plant organs and their occurrence in culture 
media. (A) The occurrence of genera in the sugarcane community-based culture collection (CBC) 
calculated by the number of wells containing at least one member of a given genus. (B) Relative 
abundance of genera in sugarcane roots, stalks (bottom, medium, and upper), and leaves of sugarcane 
based on their community profiles. Genera are represented by green circles, and circle sizes are 
proportional to the relative abundance of genera in a given organ. Taxonomic levels considered 
“unknown” were collapsed to the deepest common levels, which are comma-separated, and “unknown” 
taxa are represented as “−”. 
4.2.4.3. CBC representation of the sugarcane microbiome 
The predominant phylum in the CBC was “Proteobacteria”, found in 2,106 
wells (Table 1). The representatives of families Rhizobiaceae, Xanthomonadaceae, 
Burkholderiaceae, Enterobacteriaceae, Comamonadaceae, Caulobacteraceae, 
Sphingomonadaceae, Moraxellaceae, Pseudomonadaceae, Oxalobacteraceae, and 
Bradyrhizobiaceae were found among this phylum (Figure 4). At the family level, 
Rhizobiaceae was the second most represented family (found in 634 wells), followed 
by Burkholderiaceae and Xanthomonadaceae, found in 539 and 482 wells, 
respectively. Firmicutes is the second most represented phylum in the CBC (found in 
832 wells). Within this phylum, 661 wells contained members of Bacillaceae_1, 
followed by Paenibacillaceae_1, identified in 184 wells. “Bacteroidetes”, 
“Actinobacteria”, and “Acidobacteria” are the less represented phyla in the CBC. 
Interestingly, from the 566 wells identified as “Bacteroidetes”, 389 wells harbored 
members of the family Chitinophagaceae. Within this phylum, Sphingobacteriaceae 
and Flavobacteriaceae families were identified in 122 and 56 wells, respectively. CBC 
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also harbors 146 wells containing members of the family Microbacteriaceae, included 
in the phylum “Actinobacteria” (Figure 4 and Table 1). 
 
Figure 4. Phylogenetic tree of cOTUs of the sugarcane CBC. Outer rings show OTU relative 
abundance in sugarcane organs by color scale, from white (lower abundance) to strong green (higher 
abundance). Microbial groups representing the sugarcane core microbiome were highlighted for their 
putative beneficial activities or organ-colonization features. The relative abundances of cOTUs in each 
organ were colored from the lowest to the highest value for a given cOTU. 
4.2.4.4. Probing the plant beneficial impact of an abundance-based synthetic 
community assembled from the sugarcane CBC 
A synthetic community was assembled by using 17 wells of the sugarcane 
CBC comprising 20 OTUs with the top high relative abundances in the sugarcane root 
and stalk core microbiomes (de Souza et al., 2016) (Supplementary Figure S5). These 
OTUs accounted for 4.9 and 6.8% of the rhizosphere and endophytic root, and       
17.5–20% of the sugarcane endophytic stalk core microbiomes, respectively (Figure 
5A). The abundance-based synthetic community was inoculated in maize plants 
grown in vermiculite and irrigated with Hoagland's nutrient solution. The inoculated 
plants increased their fresh weight by 3.4× (average of 7.82 g per plant) compared 
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with uninoculated plants (2.31 g per plant). Similar differences were observed for the 
plant dry weights (0.7 g per plant for inoculated and 0.23 g per plant for uninoculated 
plants; Figure 5B and Supplementary Table S7). Compared with uninoculated plants, 
the inoculated ones were more vigorous, with dark green leaves and presented 
increased branched root systems with an increased number of lateral roots           
(Figure 5C). 
 
Figure 5. A synthetic community composed of dominant microbial groups isolated from 
sugarcane induces maize plant growth. (A) Relative abundance of the microbial groups comprising 
members of the synthetic community. (B) Effect of inoculation in fresh and dry weight of maize 
seedlings after 4 weeks of growth. Inoculated plants showed more than three times the biomass 
compared with uninoculated plants. (C) Plant growth and biomass of plants treated with a nutrient 
solution in the absence (i, left) or presence (i, right) of the synthetic community. The effect on root 
growth in uninoculated plants (ii, iv) and inoculated plants (iii,v). ***p ≤ 0.001. Scale bars: 3 cm (i) 
and 1 cm (ii–v).  
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Table 1. Taxonomic prediction and number of wells of wOTUs per taxonomic level in the sugarcane CBC. 
Phylum No. of 
wells 
Class No. of 
wells 
Order No. of 
wells 
Family No. of 
wells 
Genus No. of 
well  
"Acidobacteria" 6 Acidobacteria_Gp1 6 u_Acidobacteria_Gp1 6 u_Acidobacteria_Gp1 6 Terriglobus 3         
u_Acidobacteria_Gp1 3 
"Actinobacteria" 353 Actinobacteria 353 Actinomycetales 346 Actinomycetaceae 1 Actinomyces 1       
Dermabacteraceae 3 u_Dermabacteraceae 3       
Intrasporangiaceae 3 u_Intrasporangiaceae 3       
Microbacteriaceae 146 Curtobacterium 29         
Microbacterium 20         
u_Microbacteriaceae 100       
Micrococcaceae 50 Arthrobacter 13         
u_Micrococcaceae 38       
Mycobacteriaceae 2 Mycobacterium 2       
Nocardiaceae 1 u_Nocardiaceae 1       
Nocardioidaceae 10 Aeromicrobium 1         
u_Nocardioidaceae 9       
Promicromonosporaceae 65 u_Promicromonosporaceae 65       
Propionibacteriaceae 2 Microlunatus 1         
u_Propionibacteriaceae 1       
Streptomycetaceae 29 Streptomyces 25         
u_Streptomycetaceae 5       
u_Actinomycetales 63 u_Actinomycetales 63     
Solirubrobacterales 8 Patulibacteraceae 8 Patulibacter 7         
u_Patulibacteraceae 1     
u_Actinobacteria 1 u_Actinobacteria 1 u_Actinobacteria 1 
"Bacteroidetes" 566 Cytophagia 11 Cytophagales 11 Cytophagaceae 11 Dyadobacter 11   
Flavobacteriia 57 "Flavobacteriales" 57 Flavobacteriaceae 56 Flavobacterium 2         
u_Flavobacteriaceae 55       
u_"Flavobacteriales" 1 u_"Flavobacteriales" 1   
Sphingobacteriia 511 "Sphingobacteriales" 496 Chitinophagaceae 389 Chitinophaga 359         
u_Chitinophagaceae 43       
Sphingobacteriaceae 122 Mucilaginibacter 29         
Pedobacter 7         
u_Sphingobacteriaceae 88 
      u_"Sphingobacteriales" 1 u_"Sphingobacteriales" 1 
    u_Sphingobacteriia 15 u_Sphingobacteriia 15 u_Sphingobacteriia 15 
(Continued) 
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Table 1. Continued. 
Phylum No. of 
wells 
Class No. of 
wells 
Order No. of 
wells 
Family No. of 
wells 
Genus No. of 
well  
"Proteobacteria" 2,106 Alphaproteobacteria 941 Caulobacterales 51 Caulobacteraceae 51 Asticcacaulis 11         
Brevundimonas 6         
Caulobacter 6         
u_Caulobacteraceae 30     
Rhizobiales 818 "Aurantimonadaceae" 1 u_"Aurantimonadaceae" 1       
Beijerinckiaceae 23 u_Beijerinckiaceae 23       
Bradyrhizobiaceae 10 Bosea 9         
u_Bradyrhizobiaceae 2       
Brucellaceae 1 u_Brucellaceae 1       
Hyphomicrobiaceae 4 Devosia 2         
Hyphomicrobium 2       
Methylobacteriaceae 23 Methylobacterium 20         
u_Methylobacteriaceae 6       
Phyllobacteriaceae 6 Mesorhizobium 2         
u_Phyllobacteriaceae 4       
Rhizobiaceae 634 Rhizobium 143         
u_Rhizobiaceae 496       
Xanthobacteraceae 8 Labrys 6         
u_Xanthobacteraceae 2       
u_Rhizobiales 197 u_Rhizobiales 197     
Rhodospirillales 45 Acetobacteraceae 4 u_Acetobacteraceae 4       
Rhodospirillaceae 41 Inquilinus 40         
u_Rhodospirillaceae 5     
Sphingomonadales 60 Sphingomonadaceae 48 Novosphingobium 5         
Sphingomonas 20         
u_Sphingomonadaceae 23       
u_Sphingomonadales 12 u_Sphingomonadales 12     
u_Alphaproteobacteria 24 u_Alphaproteobacteria 24 u_Alphaproteobacteria 24   
Betaproteobacteria 754 Burkholderiales 739 Alcaligenaceae 14 Advenella 3         
u_Alcaligenaceae 11       
Burkholderiaceae 539 Burkholderia 262         
Pandoraea 1 
        u_Burkholderiaceae 328 
      Comamonadaceae 118 Delftia 1 
(Continued) 
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Table 1. Continued. 
Phylum No. of 
wells 
Class No. of 
wells 
Order No. of 
wells 
Family No. of 
wells 
Genus No. of 
well          
Variovorax 4         
u_Comamonadaceae 113       
Oxalobacteraceae 29 u_Oxalobacteraceae 29       
u_Burkholderiales 95 u_Burkholderiales 95     
u_Betaproteobacteria 32 u_Betaproteobacteria 32 u_Betaproteobacteria 32   
Gammaproteobacteria 869 "Enterobacteriales" 291 Enterobacteriaceae 291 u_Enterobacteriaceae 291     
Pseudomonadales 69 Moraxellaceae 34 Acinetobacter 34         
u_Moraxellaceae 1       
Pseudomonadaceae 34 Pseudomonas 14         
u_Pseudomonadaceae 22       
u_Pseudomonadales 2 u_Pseudomonadales 2     
Xanthomonadales 486 Xanthomonadaceae 482 Dokdonella 3         
Lysobacter 61         
u_Xanthomonadaceae 427       
u_Xanthomonadales 5 u_Xanthomonadales 5     
u_Gammaproteobacteria 76 u_Gammaproteobacteria 76 u_Gammaproteobacteria 76   
u_"Proteobacteria" 7 u_"Proteobacteria" 7 u_"Proteobacteria" 7 u_"Proteobacteria" 7 
Firmicutes 832 Bacilli 831 Bacillales 830 Bacillaceae_1 661 Bacillus 620         
u_Bacillaceae_1 84       
Paenibacillaceae_1 184 Brevibacillus 145         
Cohnella 6         
Paenibacillus 17         
u_Paenibacillaceae_1 26       
Paenibacillaceae_2 3 u_Paenibacillaceae_2 3       
Planococcaceae 90 u_Planococcaceae 90       
Staphylococcaceae 2 Staphylococcus 2       
u_Bacillales 39 u_Bacillales 39     
u_Bacilli 2 u_Bacilli 2 u_Bacilli 2   
Clostridia 1 u_Clostridia 1 u_Clostridia 1 u_Clostridia 1   
Negativicutes 1 Selenomonadales 1 Veillonellaceae 1 Selenomonas 1 
u_Bacteria 1 u_Bacteria 1 u_Bacteria 1 u_Bacteria 1 u_Bacteria 1 
Taxonomic prediction was obtained using “utax” in USEARCH and RDP database. Taxon names were kept the same as described in the database. Prefix “u_” 
was added when prediction is below the minimum confidence score of 0.9.
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4.2.4.5. Members of the abundance-based synthetic community efficiently colonizes 
plants and displaces its natural microbiota 
The colonization pattern of the synthetic community was verified by 16S 
sequencing of samples from exophytic and endophytic compartments of roots, stems, 
and leaves of inoculated and uninoculated plants. A significant shift in the community 
profile was observed in exophytic and endophytic roots and exophytic stems of 
inoculated as compared with the uninoculated plants (Figure 6A). The OTUs 
identification is shown in Supplementary Table S8. The synthetic community bacteria 
Asticcacaulis, Burkholderia, Chitinophaga, Ensifer, Lysobacter, Pedobacter, Rhizobium, 
Stenotrophomonas, and two unknown genera of the families Comamonadaceae and 
Streptomycetaceae efficiently colonized and became predominant in the roots and 
stems of inoculated plants. Interestingly, 10 bacteria of the synthetic inoculant, although 
highly abundant in the sugarcane core microbiome, did not robustly colonize the maize 
plants. The natural microbiota of the uninoculated plants contained OTUs that were 
classified in the same groups as those of the synthetic community. However, the total 
abundance of these OTUs was minimal compared with that of the inoculated plants 
(3.7, 2.4, and 1.2% for uninoculated plants against 53.9, 49.1, and 9.6% for inoculated 
plants exophytic root, endophytic root, and exophytic stem, respectively; Figure 6B). 
Natural microbiota was considered as the communities naturally acquired by the plant 
from the environment. The microbiota of the uninoculated plants was more diverse and 
widespread among groups. The results led to the conclusion that the OTUs of the 
abundance-based synthetic inoculant displaced the OTUs of the natural microbiota 
and changed the bacterial profiling both in diversity and abundance compared with the 
uninoculated plants (Figure 6A and Supplementary Figure S6). Of the 20 OTUs of the 
synthetic community, 10 were identified as efficient colonizers based on their abundance 
(Kruskal–Wallis test, P < 0.05) in the roots of inoculated plants compared with 
uninoculated plants. These robust colonizers accounted for 53.9 and 49.1% of the total 
relative abundance in exophytic and endophytic roots, respectively. Four OTUs from 
the synthetic community efficiently colonized the exophytic stem (Kruskal–Wallis test, 
P < 0.05) and accounted for 9.6% of the total abundance in this organ (Figure 6B). 
Despite none of the synthetic community OTUs displayed differential 
abundances in the leaves of inoculated plants, they displaced several abundant, naturally 
occurring bacterial groups in this organ (Figure 6A and Supplementary Figure S6). This 
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adjustment in the community profile of the inoculated plants was corroborated by 
principal coordinates analysis (PCoA) of Bray–Curtis dissimilarity matrix. The inoculated 
plants clearly formed distinct clusters, which could be observed in both compartments 
of roots (ANOSIM; R = 0.748, P < 0.01 and R = 0.684, P < 0.01 for exophytic and 
endophytic, respectively) and exophytic stems (ANOSIM; R = 0.484, P < 0.01; Figure 
6C). Inoculation was the first principal coordinate in the roots and the second in the 
stems, explaining over 50 and 18% of differences between the samples, respectively. 
This pattern was not observed for the endophytic stems and leaves (Supplementary 
Figure S7). 
 
Figure 6. The synthetic community robustly colonizes maize plants and displaces the natural 
OTU relative abundance pattern. (A) Heatmap of relative abundances of OTUs found in organs of 
uninoculated and inoculated plants. Color range is given by row. OTUs in the synthetic community are 
highlighted, and their taxonomic prediction is shown on the right. The complete heatmap is shown in 
Supplementary Figure S6. (B) Relative abundance of OTUs present in the synthetic community in maize 
inoculation. (C) Principal coordinates analysis (PCoA) of Bray–Curtis dissimilarity matrix of exophytic 
and endophytic roots and exophytic stem tissues of inoculated and uninoculated plants. Exo, exophytic; 
End, endophytic; u_, unknown taxa. ***p ≤ 0.001. 
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4.2.5. Discussion 
4.2.5.1. The use of CBC for microbial discovery 
Sugarcane microbiota has long been investigated for its potential beneficial 
impact on plant growth and development. However, the knowledge of the potential 
role of the sugarcane microbiota has been restricted to the characterization of 
diazotrophic bacteria discovered by selective culture media (Döbereiner, 1961; 
Döbereiner et al., 1972; Cavalcante and Döbereiner, 1988; Olivares et al., 1996). We 
recently revealed, in sugarcane, highly abundant microbial groups whose functional 
role in plant remains to be determined (de Souza et al., 2016). We also developed the 
CBC method to construct microbial culture collections (Armanhi et al., 2016) and used 
this strategy to identify and annotate our entire sugarcane culture collection described 
here. 
The use of sterile sugarcane juice as an additive in the culture medium has 
been shown to improve the growth of bacterial groups adapted to the sugars, amino 
acids, vitamins, organic acids, and other small molecules (Gupta and Mukerji, 2002; 
Uren, 2007; Kim and Day, 2011). Some bacterial groups such as Pseudomonas, 
Flavobacterium, Agrobacterium, and Enterobacter, for instance, have been shown to 
respond to rhizosphere exudates (Curl and Truelove, 1986; Taghavi et al., 2015) that 
directly affect bacterial growth (Grayston et al., 1998; Hadacek and Kraus, 2002; 
Singh and Mukerji, 2006). By using culture media supplemented with sterile 
sugarcane juice, we retrieved microbial composition and taxonomic classification of 
2,942 wells resulting in the identification of 399 unique OTUs. The CBC redundancy 
may have occurred due to (1) the high abundance of some bacterial groups in the organ 
core microbiome or (2) an unintentional imposed selection by the culture media used. 
Bacterial culture collections have been constructed from the environment or 
human-derived samples by using defined culture media (Goodman et al., 2011; 
Paungfoo-Lonhienne et al., 2014; Bai et al., 2015; Browne et al., 2016). In one case, 
the use of a single broad-spectrum medium allowed targeting a large proportion of the 
vast gut bacterial diversity (Browne et al., 2016). In the present study, the use of three 
broad-spectrum culture media revealed that most identified OTUs comprise bacteria 
that grow specifically in a single medium. Only a small proportion of the OTUs thrived 
in all three media. The use of YPD aimed to target bacteria, indigenous yeasts and 
other fungi inhabiting sugarcane stalks (da Silva-Filho et al., 2005; Basso et al., 2008; 
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de Souza et al., 2016). YPD is a conventional fungal culture medium which allowed 
growth of some specific bacterial groups that may coexist with fungi in some of the 
wells, perhaps reflecting their natural environment. 
4.2.5.2. The sugarcane CBC recovered relevant bacterial groups 
Culturing representatives of the microbial diversity from host-associated 
and natural ecosystems is challenging (Bulgarelli et al., 2012, 2013, 2015; Lundberg 
et al., 2012; Edwards et al., 2015; Panke-Buisse et al., 2015; Zarraonaindia et al., 
2015; Coleman-Derr et al., 2016; Castrillo et al., 2017). It is recognized that there is a 
gap between the diversity found in cultured microbes and the full community profiles 
(Goodman et al., 2011; Lebeis et al., 2012). Thus, a critical step in establishing 
extensive cultivation of microorganisms is to validate the extent of the microbial 
composition recovered from microbiomes. While in humans substantial portions 
from the gut microbiome have been recovered (Goodman et al., 2011; Browne et al., 
2016), in crops this is still a poorly explored topic, despite the fact that many bacterial 
groups have been shown to contain cultivable members in plants (Bai et al., 2015). 
Our results demonstrate that the use of the CBC method (Armanhi et al., 2016) 
allowed the recover of bacterial groups accounting for 15.9–65.3% of the core 
microbiomes of roots, stalks, and leaves of sugarcane. Most of the identified OTUs 
belong to highly abundant bacterial phyla inhabiting the sugarcane organs (de Souza 
et al., 2016). 
The most represented phylum in the CBC was “Proteobacteria”, whose 
members have been shown to promote plant growth by diverse mechanisms (Pisa et 
al., 2011; Yuan et al., 2011; Beneduzi et al., 2013). Members of the order Rhizobiales 
(Alphaproteobacteria class), found in the CBC, belong to groups of bacteria with 
representatives capable of nitrogen fixation (Carvalho et al., 2010; Gnat et al., 2015; 
Melorose et al., 2015) and soil denitrification (Yoshida et al., 2012). Moreover, the 
genus Burkholderia (Betaproteobacteria class), comprises endophytic bacteria (Perin 
et al., 2006; Luvizotto et al., 2010; Beneduzi et al., 2013) that has been shown to be 
involved in the denitrification process (Yoshida et al., 2012). The CBC representatives 
of the family Burkholderiaceae are especially abundant in young shoots and bottom 
stalks (de Souza et al., 2016). Beyond Burkholderia, the order Burkholderiales includes 
the genus Herbaspirillum (Oxalobacteraceae family), well known for its nitrogen fixation 
capacity (Pimentel et al., 1991; Olivares et al., 1996). The sugarcane CBC targeted a 
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member of the family Moraxellaceae (Gammaproteobacteria class), the genus 
Acinetobacter, which presents members that have long been studied for its nitrogen 
fixation ability, phytohormone production and mineral solubilization (Rokhbakhsh-
Zamin et al., 2011; Yuan et al., 2011). Members of the family Enterobacteriaceae, such 
as the genera Erwinia and Enterobacter, are also well known as plant growth 
promoters (Loiret et al., 2004; Yuan et al., 2011). Within the phylum “Bacteroidetes”, 
Chitinophagaceae is a lesser known bacterial family, but one of the most abundant in 
the sugarcane root core microbiome (de Souza et al., 2016). Over half of the CBC 
wells containing this phylum belong to the family Chitinophagaceae. This phylum also 
includes Flavobacterium, a genus that has been isolated from the sugarcane leaves 
and demonstrated to fix nitrogen and produce phytohormones (Fischer et al., 1993; 
Yuan et al., 2011). The CBC also targeted the genera Microbacterium and 
Curtobacterium (“Actinobacteria” phylum), and the phylum “Acidobacteria”, which 
includes members with plant-beneficial activities (Anandham et al., 2008; Magnani et 
al., 2010; de Pereira et al., 2012; Qin et al., 2014; Kielak et al., 2016). 
Overall, most CBC representatives have their organ preference consistent 
with their abundance in sugarcane organs. This assumption could be observed 
particularly for Moraxellaceae, Pseudomonadaceae, and Enterobacteriaceae in the 
endophytic compartment of stalks and leaves, for Burkholderiaceae in the young 
shoots and endophytic bottom stalks, and for Xanthomonadaceae in the exophytic 
stalks (de Souza et al., 2016). As observed in the sugarcane microbiome, leaves are 
the preferred organ for the cultivable bacteria of the family Sphingomonadaceae 
(de Souza et al., 2016). Although representatives of the family Rhizobiaceae are 
enriched in exophytic stalk and leaf core microbiomes (de Souza et al., 2016), their 
CBC representatives are mostly found in roots and young shoots. 
We also determined the organ preferences of the OTU clusters of the CBC 
formed by closely related taxa. Moraxellaceae, Pseudomonadaceae, and 
Enterobacteriaceae are phylogenetically close groups and they showed endophytic 
stalks and leaves as their preferred organs (de Souza et al., 2016). Thus, it seems that 
some phylogenetically close bacterial groups, might have similar preferred organs 
while other groups may not follow the same rule. For example, the CBC representatives 
of Xanthomonadaceae are bacteria with contrasting organ preferences, mostly found 
in the exophytic compartment of stalks (de Souza et al., 2016). The order Rhizobiales 
and families Caulobacteraceae and Sphingomonadaceae are closely related groups, 
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although they did not present the same colonization preference of sugarcane organs. 
However, upon close inspection, we observed subsets of OTUs within these groups 
that show similar preferred organs. The limitations imposed by the existing 16S rRNA 
gene sequence databases did not allow the classification of some of the OTUs at a 
generic or specific level; therefore, our findings indicate that phylogenetic distance 
might not be directly related to organ-preferences. This observation may suggest that 
while beneficial plant functions could be conserved among the members of some of 
the closely related taxa, within families such as Pseudomonadaceae, Moraxellaceae, 
Chitinophagaceae, and Microbacteriaceae, the consistent preferences appeared 
within just a small subset of representatives of other groups. Identifying these functions 
and correlations may help understand the plant-microbial community association. 
4.2.5.3. Abundant microbial groups from the sugarcane microbiome have a high 
impact on plant growth promotion in maize 
Traditionally, beneficial microbes are isolated based on screening for known 
plant growth-promoting (PGP) related activities or taxonomic affiliation. However, there 
is no evidence that a pre-existing PGP activity or taxonomic affiliation is correlated to 
the representativeness of a microbial group in plant organs. In fact, in sugarcane, the 
sole use of these strategies have targeted minor components of the microbial diversity 
(de Souza et al., 2016). In this work, we chose to select microbial groups based on the 
community profile and assemblage pattern targeting neglected microbial groups from 
the sugarcane microbiome. A synthetic bacterial community was assembled by 
selecting naturally dominant groups in the sugarcane microbiome regardless of 
pre-existing traits or taxonomic affiliation. 
Recently, synthetic communities have been designed as inoculants to study 
colonization and beneficial impacts on growth and development (Bai et al., 2015; 
Lebeis et al., 2015; Niu et al., 2017). Synthetic communities have the advantage of 
carrying redundant functions together with individual contributions of specific functions. 
Collectively, these functions could be advantageous for the plant, which would explain 
why different bacterial groups are kept at high abundance during plant development. 
We evaluated the effect of the abundance-based synthetic community 
using maize as a crop model. Maize was selected as a candidate crop because it is 
phylogenetically close to sugarcane. The synthetic inoculant produced a remarkable 
effect on plant growth. Bacterial members of the synthetic community efficiently 
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colonized exophytic and endophytic roots and exophytic stems of maize plants in an 
organ-preferred pattern similar to that observed for the sugarcane plant (de Souza et 
al., 2016). Notably, the 16S rRNA gene sequences of naturally occurring bacteria in 
uninoculated plants were clustered in the same groups (OTUs) of the synthetic 
community. However, these bacteria were less efficient in colonizing and promote 
plant growth and development. This result suggests that the abundance-based 
synthetic community has plant beneficial functions that are absent in the maize natural 
microbiota. These functions may arise from genomic scale differential expression and 
genetic polymorphism at the protein level, established throughout the 
microbiome/plant co-evolution and could explain its superiority over the maize 
resident plant-borne microbiome. This hypothesis is in keeping with previous studies 
describing that microorganisms from the same species confer different beneficial 
effects on plant survival depending on their habitat, which has been described as 
habitat adapted-symbioses (Rodriguez et al., 2008). 
The robustness of colonization of maize plants by members of the 
abundance-based synthetic community displaced the naturally occurring maize OTUs 
in the inoculated plants. The displacement of natural microbiota may include bacteria 
that somehow negatively impact plant growth and development. Interestingly, the 
microbial displacement also occurred in plant organs that have not been robustly 
colonized by the members of the synthetic community. This effect can be seen in 
leaves and suggests that the synthetic inoculant might also affect microbial 
assemblage by factors other than local competition against the natural community and 
could be related to plant differential gene expression induced by the plant-microbe 
interaction. 
It is remarkable that the abundance-based synthetic community assembled 
from the sugarcane microbiome had a tremendous impact on maize plant growth. The 
results suggest that selection based on relative abundance in the plant microbiome 
could be used for the identification of beneficial microorganisms with a broader impact 
cross-species. 
4.2.6. Conclusions 
The guided use of microorganisms to promote plant growth, development 
and health have a great potential for agriculture sustainability. The establishment of 
plant-derived culture collections is key for the exploration of the biological potential of 
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microbial communities. The creation of the sugarcane CBC allowed the isolation of 
bacterial groups belonging to diverse groups that have been understudied. The 
cross-referencing of microbial data of the culture collection with the microbiome profile 
of sugarcane was key to identify highly abundant naturally occurring bacteria from the 
core microbiome of the plant organs. This strategy allowed the assemblage of an 
abundance-based synthetic community that was probed as an inoculant using maize 
as a plant model. The fact that members of the abundance-based synthetic community 
robustly colonize the inoculated maize plants in an assemblage pattern similar to that 
naturally found in sugarcane plant organs is a significant finding. Additionally, the 
displacement of the naturally occurring maize microbiota and the dramatic impact on 
plant biomass and root stimulation is a sound proof of the concept for the 
abundance-based synthetic community for the assembly of plant inoculants. The 
present study is unique in describing a rational workflow for obtaining CBCs from plant 
or environmental samples and assess their relevance by cross-referencing with the 
microbiome data to find key microorganisms useful for sustainable agriculture. 
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Supplementary Figure S1. Procedure for microbiota isolation from sugarcane organs. (A) Stalks and roots were harvested from sugarcane plants (i). Stalks 
were cut right above root-stalk interface (ii) and cut into pieces (iii). Surface-sterilized stalks (iv) were cut into smaller pieces (v) and blended. Roots were 
harvested (vi), manually washed to detach rhizosphere particles (vii, viii) and filtered through gauze (ix). (B) Blended stalks and roots were filtered through 
gauze (i), centrifuged once or twice (ii, iii) and properly stored (iv). 
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Supplementary Figure S2. A framework of sugarcane CBC construction. (A) Enriched microbiota from 
the rhizosphere and the endophytic roots and stalks were plated on culture media. (B) Non-confluent 
colonies from primary platings were individually picked into 96-well plates with liquid culture media, 
regardless of whether they were formed by single or multiple microorganisms. (C) Growth validation of 
stored CBC 96-well plates.  
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liquid culture media, regardless of whether they were formed by single or multiple microorganisms.
(C) Growth validation of stored CBC 96-well plates.
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Supplementary Figure S3. Schematic representation of the bioinformatics pipeline for cross-referencing of CBC (culture-dependent) with the sugarcane 
assembled microbiome (culture-independent) data. (A) Annotation of the sugarcane CBC, from stored samples to cOTUs. Demultiplexed raw reads were filtered 
to ensure reliability and quality of sequences. (B) Filtering the dataset of mOTUs in sugarcane organs by alignmnent with the Greengenes. (C) Global alignment 
of filtered mOTUs with CCS dataset of sugarcane CBC using a minimum identity of 90%. (D) Mapping back CCSs to cOTUs of sugarcane CBC.  
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Supplementary Figure S4. Schematic representation of bioinformatics pipeline for Illumina reads data processing. The raw sequences from the HiSeq 2500 
were demultiplexed and used in an automated pipeline for read processing and OTU clustering.
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Supplementary Figure S5. Relative abundance in sugarcane organs represented by each well of the 
the synthetic community. Graphs titles indicate well ID in the CBC. End, endophytic; Exo, exophytic.  
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Supplementary Figure S6. Heatmap of the relative abundances of OTUs in organs of the uninoculated 
and inoculated plants. OTUs considered present in the synthetic community are highlighted, and their 
taxonomic predictions are shown on the right. (A) Color range given by rows. (B) Color range given by 
columns. Exo, exophytic; End, endophytic; u_, unknown.  
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Supplementary Figure S7. Principal coordinates analysis (PCoA) of Bray–Curtis dissimilarity matrix of 
the stems and leaves of the inoculated and uninoculated plants. Graphs show data of endophytic stem 
(A), and exophytic and endophytic leaves (B and C, respectively) of the inoculated and uninoculated 
plants.  
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Supplementary Table S1. Content analysis of the sugarcane juice. Content of glucose, fructose, and 
sucrose, and physical analyses of the sugarcane juice used as a supplement in culture media, obtained 
by HPLC analysis. 
Sugar content (g l–1)  Physical analyses 
Glucose Fructose Sucrose  pH °Brix Density (g ml–1) 
83.78 72.76 545.94  5.17 63.76 1.2612 
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Supplementary Table S3. Sequence statistics of 16S pooled libraries from multiplex amplicon sequencing for bacterial identification in the CBC. The multiplex 
amplicon strategy allows to pool libraries from different plates of the culture collection for sequencing in PacBio plataform. Numbers of demultiplexed CCSs, 
non-chimaeras, chimaeras, 16S sequences, non-16S sequences, reliable sequences and number of 16S rRNA-positive PCR bands are shown per plate and 
sequenced pools. 
 
(Continued) 
Plate Pool Plate Pool Plate Pool Plate Pool Plate Pool Plate Pool Plate Pool Plate Pool
001.1 36 1,093 969 124 960 9 868 71 72
001.2 37 1,712 1,522 190 1,519 3 1,374 79 73
001.3 38 1,718 1,574 144 1,573 1 1,431 83 76
002.1 39 1,181 1,068 113 1,064 4 960 74 70
002.2 40 997 872 125 804 68 706 67 66
002.3 41 842 734 108 734 0 713 62 61
002.4 42 1,389 1,243 146 1,242 1 1,187 74 68
002.5 43 2,553 2,346 207 2,342 4 2,293 82 76
002.6 44 2,648 2,401 247 2,400 1 2,345 83 75
003.1 45 1,414 1,214 200 1,207 7 1,162 64 70
003.2 36 2,783 2,425 358 2,419 6 2,339 75 64
004.1 37 2,104 1,974 130 1,974 0 1,909 75 59
005.1 38 3,137 2,943 194 2,942 1 2,885 73 62
005.2 39 1,015 907 108 907 0 882 47 25
005.3 40 4,233 4,050 183 4,050 0 4,003 78 64
005.4 16 328 312 16 312 0 304 48 38
006.1 17 661 554 107 554 0 541 53 56
006.2 18 591 527 64 527 0 520 51 44
007.1 19 1,665 1,615 50 1,614 1 1,586 79 50
007.2 20 794 777 17 777 0 763 66 81
007.3 21 545 498 47 498 0 476 33 55
007.4 22 2,008 1,969 39 1,968 1 1,879 73 48
007.5 23 1,064 1,032 32 1,032 0 998 36 46
007.6 24 569 568 1 567 1 558 20 31
007.7 25 9,257 9,176 81 9,175 1 8,992 90 79
12,903
12,292
Reliable
sequences
5,339
7,700
12,018
3,714
85
13
7
pool1620
pool2125
1
3
3,784
13,240
274
4,039
357
350
6,701
8,846
5,920
7,925
13,443
269
259
3,785
13,243
297
252
254
200
Pool
name
Plate
code Barcode
Wells with
bands
Non-
chimaeras
16S
sequences
Non-16S
sequences
Demultiplexed 
CCSs Chimaeras
Reliable
wells
pool0105
pool0610
pool1115
6,005
7,938
12,29913,272
374
365
348
696
908
973
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Supplementary Table S3. Continued. 
Plate Pool Plate Pool Plate Pool Plate Pool Plate Pool Plate Pool Plate Pool Plate Pool
007.8 26 2 2 0 2 0 2 1 45
007.9 27 0 0 0 0 0 0 0 11
008.1 28 0 0 0 0 0 0 0 20
008.2 29 0 0 0 0 0 0 0 34
008.3 30 21 21 0 21 0 21 1 26
008.4 31 420 413 7 411 2 400 28 16
008.5 32 925 696 229 696 0 682 34 23
008.6 33 3,279 3,174 105 3,172 2 3,132 57 38
008.7 34 318 306 12 306 0 286 29 20
008.8 35 948 891 57 891 0 857 43 22
008.9 36 254 231 23 231 0 225 23 35
009.1 37 1,446 1,324 122 1,323 1 1,271 59 72
010.1 38 796 747 49 744 3 714 47 46
010.2 39 2,237 2,005 232 2,002 3 1,971 49 51
010.3 40 1,470 1,369 101 1,369 0 1,335 56 56
010.4 41 2,504 2,247 257 2,246 1 2,172 86 85
010.5 42 4,971 4,554 417 4,554 0 4,467 85 77
010.6 43 2,649 2,313 336 2,297 16 2,203 70 70
010.7 44 2,378 2,175 203 2,175 0 2,077 66 57
013.1 45 4,372 4,164 208 4,160 4 4,092 83 52
013.2 46 2,602 2,393 209 2,364 29 2,285 75 46
013.3 47 25 25 0 25 0 22 13 32
013.4 48 2,096 2,029 67 2,026 3 1,978 76 38
013.5 49 49 48 1 48 0 38 23 60
013.6 50 1 1 0 1 0 1 1 42
014.1 41 402 384 18 384 0 377 20 19
016.1 42 1,251 1,191 60 1,191 0 1,168 56 51
016.2 43 2,056 2,013 43 2,013 0 1,999 60 47
016.3 44 1,912 1,850 62 1,845 5 1,813 59 47
016.4 45 1,298 1,183 115 1,180 3 1,161 45 38
016.5 46 2,645 2,568 77 2,568 0 2,536 61 52
89,628 89,628 83,587 83,587 6,041 6,041 83,406 83,406 181 181 80,959 80,959 2,942 2,942 2,837 2,837Total
23
5,357
5,516
10,919
Reliable
sequences
8,416
9,054
289
270
254
307
301
8,624
9,181
7
17
36
8
2605,669
11,272
23
pool5156
pool2630
pool3135
pool3640
pool4144
pool4550
6,203
12,502
9,145
9,564
5,676
11,289
8,660
9,189 375
527
23
5,890
136
119
23
5,480
0
410
Pool
name
Plate
code Barcode
Wells with
bands
Non-
chimaeras
16S
sequences
Non-16S
sequences
Demultiplexed 
CCSs Chimaeras
Reliable
wells
1,213
485
5,476
0
4
2
191
234
271
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Supplementary Table S4. Number of mOTUs from sugarcane organs recovered by the sugarcane 
CBC. Recovery estimates of mOTUs for roots, stalks (bottom, medium and upper) and leaves were 
calculated by cross-referencing the mOTUs (based on the culture-independent microbiome profile) 
with the cOTUs of the sugarcane CBC (based on the culture-dependent profile). End, endophytic; 
Exo, exophytic. 
Sugarcane organ Core microbiome 
 Non-core 
microbiome 
mOTU cOTU  mOTU cOTU 
Bulk soil 173 100  87 56 
Rhizosphere 128 75  164 99 
End. root 133 79  164 100 
End. young shoot 104 62  195 111 
End. bottom stalk 66 48  208 113 
End. medium stalk 56 40  185 109 
End. upper stalk 48 33  200 114 
End. leaf 31 26  186 102 
Exo. bottom stalk 83 58  230 121 
Exo. medium stalk 45 33  249 131 
Exo. upper stalk 40 29  222 121 
Exo. leaf 63 46  207 116 
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Supplementary Table S7. Raw measurements data of inoculated and uninoculated maize plants. Fresh 
and dry weight of roots, stems and total weight of maize plants after four weeks of growth. 
Treatment Plant Fresh weight (g) 
 Dry weight (g) 
Root Stem Total  Root Stem Total 
Uninoculated 
1 1.170 1.370 2.540  0.110 0.147 0.257 
2 1.130 1.280 2.410  0.094 0.133 0.227 
3 1.590 1.740 3.330  0.135 0.168 0.303 
4 0.660 0.520 1.180  0.106 0.062 0.168 
5 1.100 1.270 2.370  0.096 0.135 0.231 
6 1.300 1.280 2.580  0.104 0.103 0.207 
7 1.010 1.100 2.110  0.108 0.127 0.235 
8 0.910 1.080 1.990  0.110 0.099 0.209 
Inoculated 
1 3.000 3.190 6.190  0.273 0.320 0.593 
2 3.130 3.110 6.240  0.259 0.281 0.540 
3 3.980 4.230 8.210  0.354 0.371 0.725 
4 3.140 3.510 6.650  0.270 0.323 0.594 
5 3.730 4.030 7.760  0.294 0.376 0.670 
6 6.620 7.030 13.650  0.572 0.666 1.238 
7 3.720 3.230 6.950  0.301 0.293 0.594 
8 3.210 3.680 6.890  0.268 0.346 0.615 
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Supplementary Table S8. Taxonomic assignment and confidence score of OTUs in the synthetic community. OTUs were identified using the SINTAX algorithm 
in USEARCH and the SILVA database. Conf, confidence. 
Kingdom Conf. Phylum Conf. Class Conf. Order Conf. Family Conf. Genus Conf. Species Conf.
OTU_17 Bacteria 1.0000 Proteobacteria 1.0000 Alphaproteobacteria 1.0000 Rhizobiales 1.0000 Bradyrhizobiaceae 1.0000 Bosea 1.0000 Afipia_genosp._9 0.4100
OTU_23 Bacteria 1.0000 Bacteroidetes 1.0000 Sphingobacteriia 1.0000 Sphingobacteriales 1.0000 Chitinophagaceae 1.0000 Chitinophaga 1.0000 Chitinophaga_sp._MJM_38 1.0000
OTU_21 Bacteria 1.0000 Proteobacteria 1.0000 Betaproteobacteria 1.0000 Burkholderiales 1.0000 Comamonadaceae 1.0000 Ottowia 0.6000 Acidovorax_avenae 0.6000
OTU_16 Bacteria 1.0000 Proteobacteria 1.0000 Alphaproteobacteria 1.0000 Caulobacterales 1.0000 Caulobacteraceae 1.0000 Asticcacaulis 1.0000 Asticcacaulis_sp._A1-31 0.5400
OTU_4 Bacteria 1.0000 Proteobacteria 1.0000 Alphaproteobacteria 1.0000 Sphingomonadales 1.0000 Sphingomonadaceae 0.9900 Sphingomonas 0.9900 Sphingomonas_sp._AHM7 0.2300
OTU_25 Bacteria 1.0000 Actinobacteria 1.0000 Actinobacteria 1.0000 Micrococcales 1.0000 Microbacteriaceae 1.0000 Microbacterium 1.0000 Microbacterium_resistens 0.8300
OTU_49 Bacteria 1.0000 Proteobacteria 1.0000 Gammaproteobacteria 1.0000 Enterobacteriales 0.9900 Enterobacteriaceae 0.9900 Enterobacter 0.8700 Enterobacter_cloacae 0.2900
OTU_8 Bacteria 1.0000 Proteobacteria 1.0000 Alphaproteobacteria 1.0000 Rhizobiales 1.0000 Rhizobiaceae 1.0000 Rhizobium 1.0000 Rhizobium_larrymoorei 0.6000
OTU_3 Bacteria 1.0000 Proteobacteria 1.0000 Gammaproteobacteria 1.0000 Enterobacteriales 1.0000 Enterobacteriaceae 1.0000 Pantoea 0.8100 Pantoea_sp._CBMB23 0.2700
OTU_9 Bacteria 1.0000 Bacteroidetes 1.0000 Sphingobacteriia 1.0000 Sphingobacteriales 1.0000 Sphingobacteriaceae 1.0000 Pedobacter 0.9100 Bacteroidetes_bacterium_EC2 0.9100
OTU_18 Bacteria 1.0000 Proteobacteria 1.0000 Betaproteobacteria 1.0000 Burkholderiales 1.0000 Burkholderiaceae 1.0000 Burkholderia 1.0000 Burkholderia_sp._UYPR1.3 0.3900
OTU_32 Bacteria 1.0000 Bacteroidetes 1.0000 Sphingobacteriia 1.0000 Sphingobacteriales 1.0000 Sphingobacteriaceae 1.0000 Pedobacter 1.0000 bacterium_Wuba47 0.9100
OTU_12 Bacteria 1.0000 Proteobacteria 1.0000 Gammaproteobacteria 1.0000 Xanthomonadales 1.0000 Xanthomonadaceae 1.0000 Lysobacter 1.0000 unidentified 0.6500
OTU_2 Bacteria 1.0000 Proteobacteria 1.0000 Alphaproteobacteria 1.0000 Rhizobiales 1.0000 Rhizobiaceae 0.9800 Ensifer 0.9600 Sinorhizobium_fredii 0.9000
OTU_6 Bacteria 1.0000 Proteobacteria 1.0000 Gammaproteobacteria 1.0000 Xanthomonadales 1.0000 Xanthomonadaceae 1.0000 Dyella 0.6200 Dyella_ginsengisoli 0.4700
OTU_13 Bacteria 1.0000 Proteobacteria 1.0000 Gammaproteobacteria 1.0000 Xanthomonadales 1.0000 Xanthomonadaceae 1.0000 Stenotrophomonas 1.0000 Stenotrophomonas_maltophilia 0.9800
OTU_5 Bacteria 1.0000 Proteobacteria 1.0000 Gammaproteobacteria 1.0000 Xanthomonadales 1.0000 Xanthomonadaceae 1.0000 Pseudoxanthomonas 1.0000 Pseudoxanthomonas_sp._2362 1.0000
OTU_1612 Bacteria 1.0000 Proteobacteria 1.0000 Gammaproteobacteria 1.0000 Xanthomonadales 1.0000 Xanthomonadaceae 1.0000 Stenotrophomonas 1.0000 Stenotrophomonas_sp._AHL_1 0.3600
OTU_15 Bacteria 1.0000 Proteobacteria 1.0000 Gammaproteobacteria 1.0000 Xanthomonadales 1.0000 Xanthomonadaceae 1.0000 Dyella 1.0000 Dyella_sp._JP1 0.8200
OTU_10 Bacteria 1.0000 Actinobacteria 1.0000 Actinobacteria 1.0000 Streptomycetales 1.0000 Streptomycetaceae 1.0000 Streptomyces 0.7500 Streptomyces_sp._QLS01 0.3600
OTU SINTAX
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Supplementary Methods S1 
Construction of the sugarcane CBC 
Plant material 
Stalks of field-grown, mature sugarcane plants (Saccharum sp.) variety 
SP 80-3280 were planted in the ground soil in the greenhouse of the Center for 
Molecular Biology and Genetic Engineering at the State University of Campinas, Brazil 
(22° 49' 8.558'' S 47° 3' 32.497'' W). Sugarcane plants were grown without fertilization 
for three harvesting cycles. At the fourth grown cycle, 5-month-old plants were 
harvested, and the microbial samples were prepared. 
Sugarcane juice 
The juice was provided by Amyris Biotechnology (Campinas, Brazil), 
obtained by pasteurization at proper conditions to preserve its chemical and        
physical integrity. Sugar composition was also provided, obtained by HPLC       
analysis. Juice total reducing sugars (TRS) were calculated by taking together   
glucose and fructose concentrations to the sucrose content, using a stoichiometric 
conversion factor for conversion of sucrose to reducing sugars, as follows:                         
1 × glucose (g l–1) + 1 × fructose (g l–1) + 1.0526 × sucrose (g l–1). 
Culture media 
Half-strength Luria-Bertani (LB) medium contained 2.5 g of yeast extract, 
5 g of tryptone and 5 g of NaCl per liter. Yeast-peptone-dextrose (YPD) medium 
contained 10 g of yeast extract, 20 g of peptone and 20 g of glucose per liter. 800 mL 
of distilled deionized water was added and pH adjusted with NaOH to 7 and 6.5 for 
half-strength LB and YPD media, respectively. Since half-strength LB medium was 
supplemented with sugarcane juice at specific concentrations, the broth was filled 
to the proper volume with distilled deionized water by lacking the volume of juice 
which was added to the autoclaved medium. YPD medium was filled with water to 
1 liter. Solid media contained 15 g of agar per liter. Media were sterilized by 
autoclaving for 20 min at 1 atm and 120°C on liquid cycle. Autoclaved media were 
cooled down for 15 min at room temperature when sterile sugarcane juice was 
aseptically added whenever needed. Half-strength LB media were supplemented 
with 8 or 35 g per liter of TRS from sugarcane juice. Solid media were routinely 
poured into Petri dishes (150×20 mm; Sarstedt, Nümbrecht, Germany), solidified at 
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room temperature and stored at 4°C prior to use. Liquid media were stored at room 
temperature. 
Plating and colony picking 
Dilution factors were previously determined by serial dilution for each 
targeted sugarcane organs in order to allow growth of an expected number of colonies 
on solid media. Enriched microbiotas were then plated at the dilutions of 1/32000 and 
1/8000 (for rhizosphere), 1/8000 and 1/2000 (for endophytic roots), and 1/2000 and 
1/500 (for endophytic stalk). Microbial samples were plated on 15-cm-diameter Petri 
dishes containing solidified culture media. Around eight plates were obtained from 
each sample, distributed to both dilution factors. Samples were plated with sterile glass 
beads (5 mm diameter; Sarstedt, Nümbrecht, Germany) and incubated for 3 to 14 d at 
specific temperatures (25 and 30°C, 30 and 37°C, and 30 and 37°C for half-strength 
LB supplemented with 8 and 35 g l–1 TRS, and YPD, respectively). All non-confluent 
colonies were picked using sterile toothpicks. Each picked colony was transferred to a 
single well of a 96-well deep well plate containing 300 mL of liquid medium (same 
constitutions of solid media used). H10, H11 and H12 wells were used as processes 
control and lacked colony picking. Plates were shaken at 225 rpm at the same 
temperatures of solid media used. A total of 350 μL of culture media were added to the 
wells after 24 and 48 h of picking, and plates were aseptically resealed. After 3 d of 
shaking, wells contents were homogenized with the aid of micropipette and stored in 
96-well plates for DNA extraction (200 μL) and microtiter plates for long-term storage 
in 27% glycerol at –80°C. 
Sequencing and data processing 
Library preparation 
Briefly, sequencing amplicon libraries were prepared by a two-step PCR. 
The first step, for 16S rRNA gene amplification and plate barcoding, was performed for 
all 56 96-well plates of the sugarcane CBC using primers with unique barcodes per 
plate. The first-step PCR amplicons were pooled in 4- to 6-plate groups and purified 
using Agencourt AMPure XP Beads (Beckman Coulter, Brea, CA, USA) according to 
the manufacturer’s instruction at a bead-to-DNA ratio of 0.6:1. The purified pooled 
amplicons were used as template for the second-step PCR, that barcoded row and 
column of pooled plates. The second-step PCR products were purified as above, 
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validated in 1% agarose, quantified using Qubit dsDNA BR Assay Kit (Invitrogen, 
Carlsbad, CA, USA) and pooled at equimolar ratios. Each pool of plates led to one 
single tube and sequenced separately in 11 SMRTcells. Libraries were sequenced 
using P6-C4 chemistry of PacBio RS II at University of North Carolina (UNC) 
High-Throughput Sequencing Facility (HTSF, Chapel Hill, North Carolina, USA). 
Data processing 
A maximum of 3, 1 and 1 mismatches were accepted for plate, rows and 
columns barcodes in demultiplexing, respectively, evaluated by global alignment. To 
minimize discard of low-quality sequences, we applied a filter of reliability which retains 
sequences with at least one hit with the Greengenes 16S rRNA gene database (May 
2013 release) and/or the CCS (circular consensus sequence) dataset. CCSs were 
firstly clustered into OTUs (operational taxonomic units) called well-OTUs (wOTUs, 
i.e., OTUs obtained after CCSs clustering within wells) which were reclustered into 
collection-OTUs (cOTUs, i.e., OTUs obtained after wOTU clustering among wells). 
cOTUs without minimum expected size (1,000 nucleotides) were discarded for 
OTU-counting but considered in abundances assessment. In the taxonomic 
assignment, taxon names were kept the same as described in the databases. 
Cross-referencing 
The microbiome-OTUs (mOTUs, i.e., OTUs obtained by community 
assemblage analysis of the sugarcane microbiome) were filtered to remove putative 
Viridiplantae mOTUs. Filtered mOTUs were aligned with the CBC CCSs using the 
command “usearch_global” in USEARCH and the minimum threshold of 90% identity. 
Two additional subsets of alignments were manually obtained considering 95 or 97% 
minimum identity. 
Maize growth conditions 
Endosperm-free seedlings were kept under moist prior to transferring to the 
greenhouse. After planting, pots were randomly placed on the greenhouse bench. 
Three germinated embryos were planted per pot, and after 7 d only the best-developed 
plant was kept per pot. We used 3 × modified Hoagland’s solution and sterile distilled 
deionized water as a control. Hoagland’s nutrient solution was composed by 15 mM 
KNO3, 15 mM Ca(NO3)24H2O, 6 mM MgSO47H2O, 3 mM NH4NO3, 3 mM KH2PO4 
(pH 6.0), 3 mL of micronutrient solution (138.8 μM H3BO3, 27.4 μM MnCl24H2O, 
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2.3 μM ZnSO47H2O, 0.6 μM CuSO45H2O, 1.5 μM Na2MoO42H2O) and 9 mL of 
1 g l–1 Fe-EDTA. 
Microbiota profiling 
First, the plants had their leaves cut with a sterile scalpel blade. The 
remaining leaf roll was then considered as stem and cut from the root system by their 
root-stem interface. Roots were then carefully removed from the substrate and the 
excess of vermiculite was manually detached from the root system. The microbiota 
enrichment was proceeded based on the methodology already described. For exophytic 
samples, tissues were washed in 100 mL of ice-cold sterile 1 × phosphate-buffered 
saline (PBS) containing 0.05% Tween 20. The 1 × phosphate-buffered saline was 
composed by 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, and 
pH 7.0. The leaves, stem and roots were then washed twice in distilled water to remove 
residual external microbiota. The tissues were then blended in 100 mL of ice-cold 
sterile 1 × PBS. Plant debris was removed by filtering exophytic and endophytic 
samples through four layers of sterile bandage. Processed rhizosphere was 
centrifuged at 200 × g for 10 min at 4°C to remove soil debris. Processed endophytic 
roots, exophytic and endophytic stems and leaves, and supernatant of processed 
rhizosphere were then centrifuged at 5,000 × g for 15 min at 4°C. Supernatant was 
discarded; the pellet was resuspended in 20 mL of ice-cold sterile 1 × PBS and 
centrifuged at 5,000 × g for 15 min at 4°C. The supernatant was again discarded and 
the pellet was then frozen in liquid nitrogen and stored at –80°C prior to be used. Each 
of ten plants was processed individually. 
Colonization analysis 
Library preparation, amplicon sequencing, reads demultiplexing and 
processing 
DNA of a microbial mock community (HM-783D) from BEI Resources 
(Manassas, VA, USA) was used as a control in library preparation and sequencing. 
Additionally, DNAs of the 17 wells in the synthetic community were individually 
extracted from aliquots of grown cultures and used for preparing 16S rRNA gene 
sequencing libraries. Libraries were also prepared from extracted DNA of the synthetic 
community (mix of 17 wells prior inoculation) to serve as a control of microbial 
composition right before the inoculation in plants. All libraries were sequenced twice 
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by independent runs in the HiSeq 2500 Illumina sequencer to establish technical 
reproducibility thresholds as previously described. Sequencing was performed at the 
Life Sciences Core Facility (LaCTAD) of the University of Campinas (UNICAMP, 
Campinas, Brazil). The demultiplexing of reads was performed using CASAVA v1.8.2 
(Illumina, San Diego, CA, USA) with 1 mismatch allowed for barcodes. All steps in the 
bioinformatics pipeline used commands from USEARCH v9.2 unless otherwise 
specified. Paired-end reads were then merged into extended reads using 
“fastq_mergepairs” command parameters “-fastq_maxdiffs 10 -fastq_maxdiffpct 10”. 
The global trimming step comprised the frame-shift removal and used an in-house 
developed Perl script. The script uses the “search_oligodb” command from 
USEARCH v8.1 to find the primers positions without accepted mismatches. Primers 
were then removed using “fastx_truncate” command and the respective number of 
nucleotides for each primer as a truncation parameter. The quality trimming step used 
the “fastq_filter” command and the parameter “-fastq_maxee 0.25”. Then reads were 
filtered by size from 230 to 270 nucleotides. Maize chloroplast and mitochondrial 16S 
sequences were removed using DUK tool with parameters “-k 20 -c 2”. The maize 
chloroplast and mitochondrial sequences were retrieved from NCBI under the 
accession numbers KF241981.1 (the region from nucleotide 95,184 to 96,675) and 
DQ490951.2 (the region from nucleotide 43,856 to 45,823), respectively. All files 
containing data from inoculated and uninoculated plants, and from the wells selected 
for the inoculum preparation were put together. The UPARSE pipeline was performed, 
using the “fastx_uniques” command to obtain unique sequences followed by 
“cluster_otus” for OTU clustering, given by “-minsize 2 -otu_radius_pct 3”. Reads were 
mapped using “usearch_global” command parameters “-strand plus -id 0.97”. 
OTU table construction and analysis 
The OTU table was filtered to remove OTUs with relative abundance lower 
than 0.3%. The threshold for the relative abundance filter was determined by analyzing 
sequencing technical replicates and the microbial mock community (HM-783D) from 
BEI Resources (Manassas, VA, USA) using the UPARSE-REF algorithm in 
USEARCH. From 1,858 OTUs obtained by OTU clustering, 163 remained after 
filtering. For an OTU to be present in each inoculum selected well a minimum threshold 
of 1% relative abundance was considered. The OTU table was converted to .biom 
format and separated using the script “split_otu_table.py” from QIIME. The command 
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“group_significance.py” from QIIME was used to calculate the significance of relative 
abundance increment of the inoculum OTUs between inoculated and uninoculated 
plants. Only OTUs with a significant (p-value < 0.05) increase in inoculated plants were 
considered and used to obtain the sum of relative abundance in each organ. 
Graphs 
All graphs were plotted and statistical analyses performed using GraphPad 
Prism version 6 for MacOS, GraphPad Software, La Jolla California USA, 
www.graphpad.com.  
  
120 
4.3. CAPÍTULO III: DESENVOLVIMENTO DE UMA PLATAFORMA DE 
FENOTIPAGEM PARA O MONITORAMENTO EM PEQUENA ESCALA DE 
PARÂMETROS FISIOLÓGICOS VEGETAIS EM TEMPO REAL 
4.3.1. Background 
Os dados dos ensaios de inoculação demonstraram que membros da 
comunidade sintética composta por representantes do microbioma core da 
cana-de-açúcar – ainda que compreendam grupos tradicionalmente nunca investigados 
em associação com essa planta – foram capazes de colonizar os diferentes órgãos e 
promover o crescimento e desenvolvimento de plantas de milho (Zea mays L.). Além 
de interessantes, os resultados encontrados levantam outras questões relevantes que 
permeiam duas frentes de investigação, sobre (1) os mecanismos pelos quais essas 
bactérias promovem o crescimento e desenvolvimento vegetal, e (2) quais as vias e 
alterações fisiológicas são induzidas na planta pela presença dessa comunidade 
sintética. É válido ressaltar que ambas as frentes são promissoras no que dizem 
respeito à possibilidade de desvendarem novos mecanismos quanto à interação 
micro-organismo–planta. Dessa forma, os últimos meses do presente trabalho 
foram dedicados ao desenvolvimento de novas abordagens que permitem 
compreender mais a fundo as alterações fisiológicas causadas pela inoculação da 
comunidade sintética na planta. As principais evidências experimentais que 
despertaram o interesse por essa investigação estão descritas nas próximas seções 
deste capítulo. 
4.3.2. Hipótese de promoção de resistência à seca conferida pela 
comunidade sintética desenhada 
Com base nos dados obtidos até o momento, levantamos a hipótese de 
que a atuação da comunidade sintética, obtida a partir dos micro-organismos 
associados à cana-de-açúcar, muito provavelmente ocorre no sentido de otimizar a 
captação de recursos essenciais e em grande quantidade para o crescimento e 
desenvolvimento da planta (como macronutrientes e água). Resultados preliminares 
obtidos pelo nosso grupo de pesquisa fomentam a hipótese de que a comunidade 
sintética possa atuar, em especial, na promoção de resistência à seca. Em ensaio 
realizado na Universidad Politécnica de Madrid pelo Prof. Juan Imperial, associado ao 
nosso grupo, foi observado que plantas de Brachypodium distachyon – uma planta 
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modelo de gramíneas –, quando inoculadas com a comunidade sintética, apresentaram 
uma significativa resistência à seca (Figura 3A). Além disso, em um dos experimentos 
de inoculação com plantas de milho conduzidos em nosso laboratório, algumas 
réplicas randômicas de plantas inoculadas e não inoculadas com a comunidade 
sintética foram ocasionalmente mantidas até a fase adulta em casa de vegetação, 
quando submetidas à condição de seca. Surpreendentemente, as plantas inoculadas 
se mostraram mais resistentes à falta d’água se comparadas ao controle, mantendo a 
sustentação da parte aérea após 30 dias sem hidratação (Figura 3B). Nesse sentido, 
a partir das evidências encontradas nos dedicamos ao desenvolvimento de ensaios 
de inoculação para corroborar o efeito da comunidade sintética na promoção da 
resistência ao estresse hídrico. 
4.3.3. Metodologias de avaliação do status hídrico e fisiológico de plantas 
são invasivas e não permitem o monitoramento contínuo 
Dados fenotípicos são essenciais para a compreensão de respostas das 
plantas às alterações ambientais. Instrumentos convencionais para avaliar o status 
fisiológico vegetal são frequentemente invasivos ou destrutivos – como câmaras de 
pressão –, ou limitados a medições realizadas pontualmente – a exemplo do IRGA 
(do inglês, infrared gas analyzer) e o porômetro. Embora esses métodos sejam 
confiáveis e amplamente utilizados, vale dizer que não fornecem o monitoramento 
contínuo da resposta da planta aos estresses ambientais. Dessa forma, seu uso 
exclusivo pode levar a possíveis perdas de informações relevantes, em função das 
pequenas variações que podem ocorrer ao longo do dia, sobre o verdadeiro estado 
fisiológico e mecanismos de adaptação da planta. As tecnologias para a 
fenotipagem em tempo real de plantas geralmente são caras e a maioria das 
plataformas está restrita a grandes centros de fenotipagem em larga escala. 
Portanto, o desenvolvimento de alternativas para a fenotipagem de plantas a baixo 
custo é excepcionalmente conveniente para estudos realizados em pequena   
escala em instalações experimentais em câmaras de crescimento ou casas de 
vegetação. 
O status hídrico das plantas pode ser avaliado pelo potencial hídrico, 
parâmetro usualmente obtido através de equipamentos como o psicrômetro e a 
câmara de pressão (Scholander et al., 1965; Boyer, 1968; Jarvis, 1976). Tais métodos, 
no entanto, tratam-se de procedimentos invasivos, já que requerem, necessariamente, 
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o uso de parte da planta – folha ou caule, por exemplo – para sua aferição. Dessa 
forma, em se tratando de experimentos realizados em condições de laboratório, em 
que a amostragem de partes da planta e até mesmo a própria manipulação podem 
ser consideradas práticas não muito convenientes, essas técnicas podem ser 
inadequadas, embora amplamente utilizadas e descritas na literatura. 
Uma estratégia natural das plantas para se diminuir a perda de água em 
condição de estresse hídrico é a redução na condutância estomática – i.e. o fluxo de 
água através dos estômatos –, parâmetro que pode ser afetado diretamente por 
fatores como a luminosidade e a própria umidade do substrato e do ar (Landsberg, 
1986). É válido lembrar que a transpiração vegetal e a fotossíntese são processos 
intimamente relacionados entre si, já que os estômatos, além de permitirem o fluxo de 
gás carbônico, também consistem em uma resistência à difusão de água entre a folha 
e o ambiente. Sendo assim, em um evento de seca, a redução da condutância 
estomática pode levar, em compensação, ao decaimento da taxa fotossintética da 
planta (Pearcy & Pfitsch, 1991). Medidas de condutância estomática e de taxa 
fotossintética podem ser comumente obtidas por equipamentos como o porômetro, o 
fluorímetro ou o IRGA (Choné et al., 2001; Zlatev & Yordanov, 2005). Entretanto, 
apesar de os equipamentos citados se utilizarem de métodos não invasivos – i.e. que 
não danificam a planta avaliada –, as medidas realizadas apresentam, obrigatoriamente, 
um caráter pontual. 
Nesse sentido, pequenas variações abióticas diárias, como mudanças na 
intensidade luminosa ou mesmo a quantidade de água disponível no substrato, 
podem levar a alterações significativas na fisiologia da planta. Além disso, em se 
tratando de experimentação em plantas, é relevante citar a extrema necessidade de, 
em alguns casos, um acompanhamento dos parâmetros bióticos e abióticos no 
próprio decorrer do experimento, seja com propósitos de uma simples monitoria – e.g. 
a manutenção da quantidade de água no substrato ao longo dos dias – ou para 
tomada de decisões – e.g. a determinação de uma condição fisiológica de interesse 
para que a irrigação seja retomada, em um ciclo de estresse hídrico. A capacidade 
de se detectar essas pequenas variações bióticas e abióticas ao longo do dia, 
normalmente despercebidas em um procedimento experimental comum, e de 
contrastá-las com o contexto a longo prazo, torna-se uma ferramenta muito       
robusta e que pode auxiliar na explicação de mecanismos vegetais ainda não 
compreendidos. 
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Figura 3. Evidências de que a comunidade sintética desenhada a partir de micro-organismos 
obtidos da cana-de-açúcar pode atuar na promoção de resistência à seca em outras espécies 
vegetais. (A) Experimento com Brachypodium distachyon conduzido por parte do nosso grupo de 
pesquisa, liderado pelo Prof. Juan Imperial na Universidad Politécnica de Madrid. As plantas inoculadas 
com a comunidade sintética (à esquerda) apresentaram melhor desempenho quando submetidas ao 
estresse hídrico, se comparadas ao controle (à direita). Imagem cedida por Juan Imperial. (B) Experimento 
realizado com híbrido comercial de milho (Zea mays L.) evidenciou que as plantas inoculadas (à esquerda) 
mantiveram por mais tempo a sustentação da parte aérea se comparadas às não inoculadas com a 
comunidade sintética (à direita), após 30 dias sem irrigação. 
A
B
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4.3.4. Proposta da plataforma de fenotipagem 
Com o objetivo de avaliar as condições bióticas e abióticas de um 
experimento a ser realizado com plantas de milho em condições de seca, nos 
dedicamos ao desenvolvimento de uma plataforma de sensores para o monitoramento 
remoto e em tempo real das plantas. A plataforma foi projetada de modo que os 
diversos sensores são acoplados aos microcontroladores Raspberry Pi e Arduino 
(espécie de placas de computador de baixo custo capazes de abrigar um sistema 
operacional e executar comandos), e a partir de scripts de programação desenvolvidos 
as leituras são realizadas automaticamente (Figura 4). 
 
Figura 4. Esquema representativo da plataforma de fenotipagem para o monitoramento contínuo 
de plantas. Os microcontroladores Raspberry Pi e Arduino atuam no controle de sensores para a 
captação de parâmetros bióticos e abióticos. Os dados são processados e enviados a um servidor 
local que permite a visualização gráfica, em tempo real, do status das plantas analisadas e das 
condições ambientais. 
Os sensores utilizados na construção da plataforma consistem em 
componentes microeletrônicos de grande acurácia, baixo custo, e capazes de avaliar 
a intensidade luminosa, temperatura e umidade ambientes, temperatura foliar, 
umidade do substrato e a perda de água do sistema vaso-planta ao longo do      
tempo (Figura 5). Além disso, a leitura dos parâmetros mencionados por si só já 
permite a obtenção indireta de outros. A possibilidade de se medir a temperatura 
foliar, por exemplo, permite que seja calculado o VPD (do inglês, vapor-pressure 
deficit), isso é, parâmetro que indica a propensão da planta em perder água para       
o ambiente (Johnson & Ferrell, 1983); já a perda de água do sistema, aferida por 
Raspberry
Arduino
i ii iii
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uma balança, pode ser referenciada à evapotranspiração sofrida pela planta ao 
longo do dia. 
 
Figura 5. Sensores e parte dos componentes utilizados na plataforma de fenotipagem. (A) Sensor 
de temperatura e umidade ambientes. (B) Sensor de intensidade luminosa (à esquerda) e módulo 
dissipador de luz (à direita) utilizado para homogeneizar a radiação precedente à leitura. (C) Sensor de 
umidade de substrato (à esquerda) e sua utilização em vaso com vermiculita (à direita). (D) Balança 
desenhada e construída utilizando sensor de carga capaz de suportar até 5 kg. 
Os scripts personalizados foram desenvolvidos para a retirada periódica 
das medições – a cada 10 segundos, por exemplo – durante 3 minutos, quando então 
ocorre o tratamento dos dados – i.e. remoção de eventuais valores considerados 
outliers, cálculo das médias e desvios padrões. Os dados tratados são armazenados, 
enviados para um servidor local para seu armazenamento, e a visualização gráfica 
ocorre através de um website desenvolvido internamente. 
Além disso, desenvolvemos scripts para o controle de câmeras fotográficas 
conectadas aos microcontroladores, nos permitindo fotografar as plantas na 
frequência desejada e acessar as imagens remotamente. As fotografias, de alta 
qualidade e retiradas a partir de diferentes ângulos do experimento, representam uma 
valiosa fonte para a coleta e a quantificação de dados morfológicos das plantas, a qual 
pode ser realizada a partir de softwares disponíveis para análise de imagens. As 
imagens obtidas também possibilitarem a construção de vídeos time-lapse, auxiliando 
na observação de pequenas variações no estado das plantas ao longo do dia, como 
D
A CB
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por exemplo o próprio levantamento e o abaixamento das folhas, ou o enrolar das 
mesmas, em função das flutuações da intensidade luminosa, temperatura e umidade 
ambientes (Figura 6). 
 
Figura 6. Alterações fenotípicas visuais em resposta às flutuações das condições ambientais ao 
longo do dia. Experimento realizado com plantas de milho hidratadas (à esquerda) e submetidas à seca 
(à direita) em casa de vegetação. As imagens foram retiradas a cada cinco minutos, e ilustram as plantas 
às 7 h (A), às 14 h, com as setas apontando o enrolamento das folhas quando em seca, em função do 
aumento da temperatura e intensidade luminosa (B), e às 19 h (C). O vídeo time-lapse gerado a partir 
dessas imagens nesse experimento-piloto pode ser acessado através do link https://goo.gl/pkJWHA. 
Todos os sensores e componentes da plataforma de fenotipagem, bem 
como as cameras fotográficas, já foram testados isoladamente em funcionamento a 
partir de experimentos-piloto realizados com plantas de milho tanto em casa de 
vegetação quanto em câmara de crescimento. Parte dos sensores já foram calibrados 
(Figura 7) e validados em algumas situações experimentais (Figura 8). 
 
Figura 7. Curvas de calibração dos sensores de intensidade luminosa e umidade de substrato 
utilizados na construção da plataforma de fenotipagem. (A) Curva de calibração correlacionando 
as medidas de intensidade luminosa obtidas por equipamento padrão LI-250A (LI-COR® Biosciences), 
em µmol m–2 s–1, e os valores obtidos pelo sensor de intensidade luminosa utilizado na plataforma, em 
lux, realizado em câmara de crescimento com iluminação artificial (GE Arize™ Lynk GEHL48HPKB1). 
(B). Curva de calibração correlacionando a capacidade de retenção de água da vermiculita, em 
porcentagem da capacidade total de retenção de água, e o sinal obtido pelo sensor de umidade de 
substrato utilizado na plataforma, de 0 a 1023, realizado em triplicata. 
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Figura 8. Validação das balanças e sensores de temperatura foliar utilizados na construção da 
plataforma de fenotipagem. (A) Redução da massa do sistema vaso-planta ao longo do dia. A seta 
indica o momento em que a planta hidratada é irrigada. O gráfico ilustra região de instabilidade nas 
medições, em função da alta temperatura, sendo corrigido pelo tratamento dos dados. (B) Variação da 
temperatura ambiente e foliar de duas plantas, em condição de seca e em hidratação, ao longo de dois 
dias em casa de vegetação, ilustrando os picos de temperatura observados na planta submetida à 
seca, acompanhando os picos da temperatura ambiente. 
Após a realização de alguns últimos testes para avaliar o funcionamento 
em conjunto dos sensores e dos scripts, nos dedicamos finalmente à construção da 
plataforma de fenotipagem de fato. A plataforma fornece suporte para até 16 vasos 
ao mesmo tempo, tendo sido montada em uma câmara de crescimento. Operando na 
metade de sua capacidade máxima, o número de plantas avaliadas pode ser 
expandido pelo simples acréscimo de sensores adicionais (Figura 9). 
4.3.5. Conclusões e perspectivas 
A obtenção de dados fenotípicos é essencial para a compreensão de 
fenômenos biológicos das plantas em função das variações ambientais. Uma vez que 
o monitoramento contínuo de plantas geralmente se limita apenas a grandes facilities 
de fenotipagem automatizadas, o desenvolvimento de novas ferramentas que 
permitam a avaliação de seus parâmetros fisiológicos em tempo real, a baixo custo, e 
adequada a condições de laboratório é extremamente conveniente. Com base nisso, 
propomos e desenvolvemos uma plataforma de fenotipagem em pequena escala 
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capaz de permitir a obtenção de diversos parâmetros bióticos e abióticos ao longo do 
experimento. Além disso, a instalação de câmeras fotográficas em diferentes ângulos 
fornece imagens de alta qualidade e que podem ser utilizadas na quantificação de 
diversos atributos morfológicos. Montada em uma câmara de crescimento e já 
validada quanto ao seu funcionamento, a plataforma de fenotipagem construída 
representa uma proposta relevante no âmbito do monitoramento contínuo e em 
pequena escala de parâmetros fisiológicos de plantas. 
 
Figura 9. Plataforma de fenotipagem para o monitoramento contínuo de plantas. (A) Plantas de 
milho em experimento-piloto com sensores instalados em casa de vegetação para medição de 
intensidade luminosa, temperatura e umidade ambientes (i), temperatura foliar (ii), massa do sistema 
vaso-planta, para a inferência de perda de água (iii), e quantidade de água no substrato, para o cálculo 
da porcentagem da capacidade total de retenção de água no substrato (iv). (B) Instalação da plataforma 
de monitoramento, em câmara de crescimento, com a capacidade máxima para 16 vasos monitorados 
(abaixo) e recorte ilustrando a central de controle, seus componentes eletrônicos e monitor instalado 
para a verificação das condições de temperatura, umidade e intensidade luminosa na câmara (acima). 
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5. DISCUSSÃO GERAL 
A cana-de-açúcar compreende uma cultura de extrema importância no 
cenário atual do país e do mundo. Embora requeira grande demanda nutricional, 
especialmente de macronutrientes como nitrogênio e fósforo, curiosamente, no Brasil, 
seu rendimento dificilmente é afetado ao longo dos anos pelo uso contínuo dos 
recursos do solo, dispensando – ou pelo menos reduzindo – o uso de fertilização 
adicional (Boddey et al., 1995; Baldani et al., 2002). Nesse contexto, sugerindo a 
associação da cana-de-açúcar com micro-organismos capazes de realizar a fixação 
biológica de nitrogênio, trabalhos pioneiros comprovaram a existência de organismos 
diazotróficos associados à planta, através do isolamento microbiano utilizando meios 
de cultura específicos (Dobereiner, 1961; Cavalcante & Döbereiner, 1988; Olivares et 
al., 1996). Estudos complementares foram, então, capazes de demonstrar evidências 
indiretas e a provável contribuição dos diazotróficos na disponibilidade de nitrogênio 
para a cana-de-açúcar (Döbereiner et al., 1972; Boddey et al., 1991; Urquiaga et al., 
1992). No entanto, limitados pelas técnicas de cultivo in vitro, esses e outros estudos 
tiveram seu enfoque na investigação de apenas alguns grupos restritos de 
micro-organismos, e apesar dos recentes avanços nas técnicas de sequenciamento 
genético, nenhum trabalho havia se dedicado, até então, à descrição completa da 
diversidade microbiana associada a essa cultura, sua abundância e padrão de 
distribuição na planta. 
Em trabalhos realizados pelo nosso grupo, fomos capazes de demonstrar a 
presença de uma imensa diversidade de bactérias e fungos nos diferentes órgãos da 
cana-de-açúcar (de Souza et al., 2016). Quase que a totalidade dos micro-organismos 
que habitam a planta – tanto interna quanto externamente – advêm do contato desta 
com o solo por meio de um processo de enriquecimento (Lundberg et al., 2012; 
Bulgarelli et al., 2013; de Souza et al., 2016). Sob uma perspectiva da planta, tal 
processo ocorre de modo a selecionar determinados grupos de micro-organismos, 
possivelmente com base nas funções desempenhadas por eles, à medida que estes 
passam a constituir o microbioma dos diferentes órgãos. Originado em meio à imensa 
diversidade microbiana encontrada no solo, foi descrita a existência de um pequeno 
grupo de micro-organismos, denominado “microbioma core”, específico para cada órgão 
da planta e que permanece ao longo do desenvolvimento vegetal, muito provavelmente 
compreendido por micro-organismos que realizam funções benéficas ao crescimento, 
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desenvolvimento e homeostase da planta. O microbioma core é compreendido, em 
média, por apenas 20% da diversidade microbiana total, somando por mais de ~90% 
da abundância microbiana da cana-de-açúcar (de Souza et al., 2016). 
Avaliando mais a fundo a composição do microbioma core, foi verificado 
que grupos bacterianos muito bem documentados por suas atividades relacionadas à 
promoção de crescimento vegetal, como a fixação de nitrogênio atmosférico, e já 
isolados da cana-de-açúcar – a exemplo daqueles pertencentes aos gêneros 
Azospirillum, Beijerinckia, Bradyrhizobium e Herbaspirillum – foram curiosamente 
encontrados em baixa abundância. Em contrapartida, foram encontrados grupos de 
alta abundância, sobre os quais pouco se sabe com relação aos seus papéis 
desempenhados na associação com a cana-de-açúcar. A exemplo disso, a família 
Chitinophagaceae, embora compreenda, sozinha, por 7,8% e 9,4% da abundância 
relativa na rizosfera e na porção endofítica da raiz, respectivamente, pouco tem sido 
mencionada na literatura (de Souza et al., 2016). 
A partir do levantamento bibliográfico realizado, dos 656 gêneros de 
bactérias pertencentes ao microbioma core apenas 129 foram identificados como 
contendo pelo menos um representante descrito por possuir atividades relacionadas à 
promoção de crescimento vegetal. E dentre estes, ainda, apenas 51 já foram descritos 
como tendo sido isolados de cana-de-açúcar (de Souza et al., 2016). Assim, a partir 
dessas observações, foi constatado que uma porção significativa do microbioma da 
cana-de-açúcar ainda é compreendida por grupos muito pouco explorados. 
Diante de toda a diversidade microbiana encontrada e da possibilidade da 
existência de micro-organismos desconhecidos e que desempenham atividades 
benéficas em relação à planta, construímos uma coleção de cultura para podermos 
acessar o potencial biológico desse microbioma. Tradicionalmente, o acesso a 
micro-organismos por meio de técnicas dependentes de cultivo visa à obtenção de 
culturas axênicas – i.e. culturas puras, que contenham um único tipo de organismo. A 
técnica de estriamento é a mais utilizada e consiste em etapas sucessivas de 
arrastamento contínuo de microvolumes da cultura líquida de modo a se obter 
quantidades progressivamente menores de micro-organismos ao longo do meio de 
cultura sólido, por um processo denominado esgotamento. Em meio sólido uma 
colônia é derivada, em teoria, de uma única célula, possuindo forma, tamanho, cor e 
consistência singulares. Tais características definem a morfologia de uma colônia e, 
verificadas a olho nu, podem distinguir grupos de micro-organismos. 
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No entanto, em se tratando de tamanha complexidade, ponderamos que 
muito provavelmente deveriam existir relações intrínsecas entre determinados grupos 
de micro-organismos, a exemplo do que se tem observado na literatura (Schink, 2002; 
Barea et al., 2005), tornando as técnicas tradicionais de isolamento microbiano 
inadequadas. Por essa razão, optamos por acessar os micro-organismos a partir de 
um plaqueamento primário, em que as colônias em meio sólido foram diretamente 
armazenadas, sem etapas posteriores para a purificação da cultura. Dessa forma, 
permitimos ocasionalmente a presença de comunidades microbianas em meio às 
culturas naturalmente puras armazenadas. A essa estratégia de construção de coleção 
de cultura demos o nome de CBC (do inglês, community-based culture collection), a 
qual traz como vantagem principal, além da facilidade de execução e do baixo custo 
frente às demais técnicas, a possibilidade de existência comunidades naturais de 
micro-organismos. 
A existência de mais de um micro-organismo na mesma cultura nos trouxe 
um outro desafio, agora quanto à etapa de identificação. Uma vez que permitimos o 
armazenamento de comunidades microbianas, o método de sequenciamento genético 
utilizado para a identificação deveria ser compatível com essa multiplicidade. Assim, 
desenvolvemos uma estratégia inovadora para o sequenciamento de todas as 
culturas, realizado pela plataforma PacBio RS II. Alguns trabalhos recentes apontam 
a necessidade do uso de métodos que permitam a descrição completa da composição 
microbiana (i.e. microbioma), concomitante ao isolamento de micro-organismos 
(Lebeis et al., 2012; Turner et al., 2013). A partir disso, então, construímos um pipeline 
automatizado de bioinformática para o processamento dos dados e a determinação 
taxonômica dos das bactérias armazenadas. Com o sequenciamento completo da 
CBC da cana-de-açúcar, por fim, fomos capazes de referenciá-la ao microbioma da 
cana-de-açúcar pelo processo de cross-referencing, etapa fundamental para que 
quantificássemos sua representatividade, além da abundância e padrão de 
distribuição de seus membros nos órgãos da planta. 
Embora tenhamos utilizado apenas as raízes e a porção endofítica dos 
colmos, regiões-chave por abrigarem grande parte da diversidade que é compartilhada 
com as demais regiões da planta, fomos capazes de obter bactérias que constituem 
parcelas significativas do microbioma core. A CBC da cana-de-açúcar contém, por 
exemplo, bactérias que compreendem 15,9 e 61,6–65,3% da abundância relativa 
encontrada na rizosfera e na parte interna dos colmos, respectivamente. No caso das 
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folhas, esse número chega a 56,1 e 64,5% para a parte exofítica e endofítica, nesta 
ordem. Encontramos na coleção de cultura membros dos principais filos bacterianos 
– a saber, Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Acidobacteria. 
Dentre estes, o filo Proteobacteria é o mais representativo, compreendendo membros 
de famílias já descritas por comumente desempenharem atividades benéficas em 
relação a plantas, como Rhizobiaceae, Enterobacteriaceae e Burkholderiaceae. Além 
disso, os demais filos, embora menos representados na CBC da cana-de-açúcar, 
também contêm grupos relacionados à promoção do crescimento vegetal. Utilizando 
o cross-referencing como ferramenta, ao comparar a representatividade dos grupos 
na CBC com a sua abundância real encontrada nos diferentes órgãos da planta, 
verificamos que de fato existe uma correlação positiva entre as duas estratégias (i.e. 
dependente e independente de cultivo), em que os grupos mais bem representados 
na CBC da cana-de-açúcar se mostraram efetivamente mais abundantes na planta. 
Diversos trabalhos têm reportado a contribuição benéfica conferida por 
comunidades sintéticas microbianas em associação com plantas (Castrillo et al., 2017; 
Vorholt et al., 2017; Herrera Paredes et al., 2018). Com a hipótese de que grupos 
microbianos pertencentes ao microbioma core da cana-de-açúcar contribuem com 
funções em benefício da planta, desenhamos uma comunidade sintética composta 
pelos 20 grupos (OTUs) de bactérias mais abundantes nos órgãos dessa planta, 
pertencentes ao microbioma core, independente de sua classificação taxonômica ou 
inferências quanto às funções desempenhadas. Como prova de conceito, 
estabelecemos uma plataforma para ensaios de inoculação realizados em plantas de 
milho (Zea mays L.) como modelo. A comunidade sintética apresentou um grande 
impacto no crescimento das plantas inoculadas, resultando no melhor 
desenvolvimento do sistema radicular e contribuindo com um crescimento de mais de 
3× em biomassa. Parte das bactérias que compõem a comunidade sintética 
compreenderam colonizadores robustos, se mostrando muito eficientes em colonizar 
os órgãos da planta (especificamente a raíz e a porção externa do caule). A 
comunidade sintética levou à completa alteração do perfil microbiano das plantas 
avaliadas, reduzindo drasticamente a presença de alguns grupos pertencentes à 
microbiota natural do embrião e muito provavelmente eventuais patógenos. 
Interessantemente, esse impacto foi observado inclusive nas folhas, sugerindo que o 
efeito do inoculante possa ir além da ação direta na composição microbiana nativa, se 
estendendo a um efeito global no padrão de expressão gênica da planta. 
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Após a constatação dos efeitos benéficos quanto à promoção de 
crescimento conferida pela comunidade sintética, em experimentos independentes 
realizados pelo nosso grupo tivemos fortes indícios de que essa comunidade possa 
promover resistência à seca nas plantas avaliadas. Pudemos observar que a inoculação 
desses micro-organismos em plantas de Brachypodium distachyon levou ao aumento 
da resistência à seca. Em outro experimento, um pequeno grupo de plantas de milho 
mantidas em casa de vegetação e submetidas ao corte de irrigação por 30 dias em 
fase adulta, foi possível observar que a presença da comunidade sintética também 
indicou certa resistência à condição de seca. A partir desses indícios, nos dedicamos 
a um desenho experimental utilizando plantas de milho em estresse hídrico para a 
obtenção de parâmetros fisiológicos indicativos que corroborassem esse efeito. 
Ao longo do dia, as inúmeras flutuações nas condições ambientais – como 
na intensidade luminosa, temperatura e umidade ambientes – acarretam de forma 
direta em alterações fisiológicas nas plantas. Entretanto, o uso de instrumentos que 
permitam leituras pontuais da fisiologia vegetal pode levar à perda de informações 
biológicas relevantes quanto à fisiologia da planta, já que se limitam a apenas uma 
pequena janela da informação, enquanto necessitamos de uma compreensão global 
dos fenômenos fisiológicos (Furbank & Tester, 2011; Moshelion & Altman, 2015; 
Halperin et al., 2017). Dessa forma, a idealização e o desenvolvimento da plataforma 
de fenotipagem teve como objetivo principal automatizar a leitura das plantas tornando 
possível acessar continuamente, em tempo real, suas condições. Atualmente, 
instrumentos automatizados para a fenotipagem de plantas limitam-se apenas a 
grandes centros de pesquisa e, ainda assim, na maioria das vezes, consistem em 
pipelines para aferições de diversos parâmetros apenas em determinados momentos 
do dia. Diante disso, utilizando componentes eletrônicos de baixo custo, desenhamos 
uma plataforma de fenotipagem de modo a atender às necessidades experimentais 
em laboratório – i.e. em pequena escala –, sendo totalmente inovadora nesse sentido. 
Informações como a quantidade de água no solo, a perda de água ao longo do dia, a 
temperatura foliar e as condições ambientais são fatores fundamentais para a 
compreensão do status fisiológico da planta. Ainda que em fase de conclusão, após 
seus últimos testes bem suscedidos, a plataforma para o monitoramento contínuo das 
plantas representa uma alternativa muito robusta e viável, condizendo exatamente 
com as condições de pequena escala, em experimentos realizados em laboratório, 
sejam eles em casa de vegetação ou em câmara de crescimento.  
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6. CONSIDERAÇÕES FINAIS 
Os resultados apresentados neste trabalho trazem grandes avanços para 
a área de estudo ao contribuírem com métodos inovadores aplicáveis ao isolamento 
e identificação de micro-organismos em larga escala. Ao contornar as limitações 
impostas pelas técnicas tradicionais o estudo condiz com a necessidade de se 
explorar o potencial biológico do microbioma associadas a plantas. A proposta da 
aplicação dessas estratégias junto ao cross-referencing com o microbioma existente 
se mostrou extremamente relevante, permitindo estimar a representatividade das 
bactérias armazenadas quando em condições naturais em associação com a planta. 
Além disso, o desempenho positivo observado nos experimentos de inoculação 
corrobora o racional empregado no desenho da comunidade sintética, ao se basear 
unicamente no perfil de colonização, independentemente de classificações 
taxonômicas. O presente trabalho, por fim, fornece novas ferramentas valiosas que 
contribuem, em conjunto, para a melhor compreensão de estudos na área de 
microbiomas, com possíveis aplicações no uso de micro-organismos–chave para uma 
agricultura sustentável. O desenvolvimento da plataforma de fenotipagem em tempo 
real, de baixo custo e adequada às condições experimentais de laboratório viabiliza o 
acesso contínuo a diversos parâmetros fisiológicos, sendo uma ferramenta robusta 
que pode auxiliar na explicação de mecanismos vegetais ainda não compreendidos.  
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APÊNDICE A – GLOSSÁRIO 
Abundância Contagem do número de indivíduos de determinada espécie 
encontrados em uma comunidade, habitat ou ecossistema.(1) 
Diazotrófico Micro-organismo – bactérias e archaea – capaz de utilizar o 
nitrogênio atmosférico (N2) como única fonte de nitrogênio. 
Também são conhecidos como fixadores de nitrogênio e 
convertem esse gás inerte em amônia (NH3), acessível a outros 
organismos vivos.(2) 
Diversidade Medida de complexidade de uma comunidade, em função do 
número de diferentes espécies (i.e. riqueza) e das abundâncias 
relativas que estas apresentam. Quanto maior a riqueza e mais 
bem distribuídas as espécies, em termos de abundância relativa 
de seus indivíduos, maior a diversidade da comunidade, habitat 
ou ecossistema.(1) 
Microbioma Conjunto de genomas dos micro-organismos residentes em um 
determinado ambiente ou hospedeiro, ou o conjunto desses 
micro-organismos per se.(3)(4) 
Microbioma core Comunidade (subconjunto) de micro-organismos considerados 
essenciais para o ambiente ou hospedeiro com o qual mantêm 
relação, com base nas funções por eles desempenhadas.(5)(6)(7) 
OTU Unidade taxonômica operacional (do inglês, operational taxonomic 
unit). Grupo de sequências com determinado grau de similaridade. 
De forma geral, micro-organismos pertencentes a uma mesma 
espécie possuem, no mínimo, 97% de similaridade entre os 
nucleotídeos do gene do RNA ribossômico 16S. Esse valor é 
tradicionalmente usado para aproximar a definição de OTU ao 
conceito taxonômico de espécie.(3)(7) 
Riqueza Representação do número de diferentes espécies de 
organismos vivos em uma determinada comunidade, habitat ou 
ecossistema.(1) 
 
_____________________ 
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